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HOWARD WILLIAM HANDLEY 
The d e t e r m i n a ' t i o n o f t h e a l k a l i n e e a r t h s i n c o n c e n t r a t e d 
f e e d b r i n e s i s r e q u i r e d f o r p r o c e s s c o n t r o l p u r p o s e s i n t h e 
c h l o r - a l k a l i i n d u s t r y . M e t h o d o l o g y was d e v e l o p e d , based on 
ion-exchange c h r o m a t o g r a p h y , f o r t h e d e t e r m i n a t i o n o f 
a l k a l i n e e a r t h s i n 30% sodium c h l o r i d e . B r i n e samples were 
l o a d e d o n t o a d y n a m i c a l l y c o a t e d c h e l a t i n g i o n - e x c h a n g e 
column. The column s e l e c t i v e l y r e t a i n e d t h e a n a l y t e s o f 
i n t e r e s t w h i l e a l l o w i n g t h e m a t r i x t o pass t h r o u g h 
unchanged. T h i s a l l o w e d t h e s i m u l t a n e o u s p r e c o n c e n t r a t i o n 
o f t h e a n a l y t e s and m a t r i x r e m o v a l . F o l l o w i n g t h e 
p r e c o n c e n t r a t i o n s t e p , t h e r e t a i n e d m e t a l s were b a c k f l u s h e d 
f r o m t h e column, u s i n g a l a c t i c a c i d m o b i l e phase, and 
s e p a r a t e d by c a t i o n exchange c h r o m a t o g r a p h y . D e t e c t i o n was 
based upon i n v e r s e p h o t o m e t r y u s i n g a p o s t - c o l u m n r e a g e n t 
composed o f t h e c h e l a t i n g dye c a l m a g i t e and a s o l u t i o n o f 
magnesium e t h y l e n e d i a m i n e t e t r a - a c e t i c a c i d . The e l u t i n g 
m e t a l s d i s p l a c e d t h e magnesium w h i c h s u b s e q u e n t l y complexed 
w i t h t h e c a l m a g i t e . The d e c r e a s e i n a b s o r b a n c e , a t t h e 
absorbance maxima o f t h e dye was m o n i t o r e d . U s i n g a t e n ml 
sample, t h e f o l l o w i n g d e t e c t i o n l i m i t s were o b t a i n e d : 1 ng 
ml"-*- magnesium, 3 ng m l " ^ c a l c i u m , 5 ng m l " ^ s t r o n t i u m and 
9 ng m l ~ ^ b a r i u m . 
The methodology was s u c c e s s f u l l y a p p l i e d t o t h e o n - l i n e 
a n a l y s i s o f f e e d b r i n e s used i n t h e c h l o r - a l k a l i i n d u s t r y . 
Magnesium, c a l c i u m , s t r o n t i u m and b a r i u m were d e t e r m i n e d i n 
t h e f e e d b r i n e s a t 3 ng-ml"^, 30 ng m l " ^ , 80 ng m l " ^ and 17 
ng m l " ^ r e s p e c t i v e l y . 
The p r e c o n c e n t r a t i o n / m a t r i x e l i m i n a t i o n s t e p was 
s u c c e s s f u l l y c o u p l e d t o f l a m e a t o m i c a b s o r p t i o n 
s p e c t r o s c o p y , i n d u c t i v e l y c o u p l e d p l a s m a - a t o m i c e m i s s i o n 
s p e c t r o s c o p y and i n d u c t i v e l y c o u p l e d plasma-mass 
s p e c t r o m e t r y f o r t h e d e t e r m i n a t i o n o f t h e a l k a l i n e e a r t h s 
and t r a n s i t i o n m e t a l s i n b r i n e . 
U s i n g t h e e x p e r t system s h e l l , CRYSTALy a t r o u b l e - s h o o t i n g 
g u i d e was d e v e l o p e d f o r t h e i o n c h r o m a t o g r a p h i c system. 
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INTRODUCTION 
1.1 PROCESS ANALYTICAL CHEMISTRY 
I n r e c e n t y e a r s t h e r e have been tremendous advances i n t h e 
t r a c e a n a l y s i s of aqueous samples. Laboratory-based 
procedures a r e now capable of r o u t i n e d e t e r m i n a t i o n of 
a n a l y t e s a t the low ng ml"^ l e v e l . However, w i t h 
continuous advances i n manufacturing and o t h e r i n d u s t r i e s 
t h e r e a r e now demands f o r the continuous monitoring of 
production and e f f l u e n t streams f o r p r o c e s s c o n t r o l and 
environmental purposes. U n f o r t u n a t e l y l a b o r a t o r y - b a s e d 
a n a l y s i s i s not u s u a l l y s u f f i c i e n t l y r a p i d or r o b u s t f o r 
such p r o c e s s c o n t r o l s i t u a t i o n s . T h i s has l e d t o the 
development of r a p i d , robust o n - l i n e methodology f o r 
p r o c e s s c o n t r o l . I n p a r a l l e l t o t h e s e developments t h e r e 
has emerged a new s u b - d i s c i p l i n e of a n a l y t i c a l c h e m i s t r y , 
t h a t of P r o c e s s A n a l y t i c a l Chemistry. 
The emergence of P r o c e s s A n a l y t i c a l Chemistry (PAC) has 
been d r i v e n by a s h i f t i n emphasis i n manufacturing 
i n d u s t r i e s from t h a t of p r o c e s s and product i n n o v a t i o n , 
towards improving e x i s t i n g p r o c e s s e s and p r o d u c t s t o g a i n a 
c o m p e t i t i v e edge ( 1 ) . I n doing so, such words a s q u a l i t y , 
p r o d u c t i v i t y and waste r e d u c t i o n have become commonplace i n 
t h e s e i n d u s t r i e s . The need f o r i n f o r m a t i o n on p r o d u c t s , 
p r o c e s s streams and e f f l u e n t streams i n r e a l time, i n o r d e r 
to maximise p r o f i t s and reduce waste i s c o n t i n u i n g t o grow. 
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T r a d i t i o n a l l y , when an a n a l y s i s i s r e q u i r e d on a product a 
sample i s taken, t r a n s p o r t e d t o a c e n t r a l l a b o r a t o r y on 
s i t e , o r o f f - s i t e where i t i s logged, p r i o r i t i s e d and 
subsequently a n a l y s e d . The r e s u l t s a r e then recorded and 
f i l e d f o r f u t u r e r e f e r e n c e . The time t a k e n between sample 
c o l l e c t i o n and o b t a i n i n g , r e s u l t s can range from s e v e r a l 
hours t o s e v e r a l days. The i n f o r m a t i o n o b t a i n e d i s always 
r e t r o s p e c t i v e and i s used mainly i n 'post-mortem' a n a l y s i s 
a f t e r a p r o c e s s has gone wrong. The t i m e s c a l e i n v o l v e d i n 
the p r o c e s s i s too g r e a t f o r the d a t a t o be u s e f u l i n 
p r o c e s s c o n t r o l . I n a d d i t i o n t o the time f a c t o r , each of 
the s t e p s i n v o l v e d i n the p r o c e s s , o u t l i n e d i n f i g u r e 1.1, 
can i n t r o d u c e e r r o r s e i t h e r through conta m i n a t i o n , sample 
l o s s e s , poor l a b e l l i n g o r poor sample s t o r a g e . 
The philosophy behind PAC i s somewhat d i f f e r e n t t o 
' t r a d i t i o n a l ' a n a l y t i c a l c h e m i s t r y i n t h a t a measurement i s 
made and a d e c i s i o n based on t h a t measurement taken 
immediately, shown i n f i g u r e 1.2. P r o c e s s a n a l y t i c a l 
c h e m i s t r y tends t o be problem d r i v e n r a t h e r than technique 
d r i v e n , the q u e s t i o n s being posed a r e not "what problems 
can I s o l v e w i t h t h i s t e c h n i q u e ? " , but r a t h e r "what 
techniques can I use to s o l v e t h i s problem?". 
C l e a r l y f o r PAC to have an impact upon t h e p r o c e s s i t i s 
monitoring, the measurement must be c a r r i e d out i n c l o s e 
p r o x i m i t y t o t h a t p r o c e s s . Four a r e a s of PAC have evolved 
to address t h i s problem. These a r e a t - l i n e , o n - l i n e , 
i n - l i n e and n o n - i n v a s i v e . 
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F i g u r e 1.1 T r a d i t i o n a l a n a l y t i c a l c h e m i s t r y s t r a t e g y 
SAMPLE TRANSPORT)^ RECORD 
DECIDE n TRANSMIT M MEASURE 
FILE 
F i g u r e 1.2 Pr o c e s s a n a l y t i c a l c h e m i s t r y s t r a t e g y 
MEASURE DEC/DE 
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A t - l i n e p r o c e s s a n a l y s i s i s s i m i l a r t o t h e t r a d i t i o n a l 
s i t u a t i o n , however, i n t h i s c a s e a d e d i c a t e d i n s t r u m e n t i s 
s i t u a t e d c l o s e t o the p r o c e s s t o be monitored, samples a r e 
taken and a n a l y s e d immediately. T h i s does, however, u s u a l l y 
r e q u i r e t h e presence of an o p e r a t o r t o c o l l e c t samples and 
perform the a n a l y s i s . 
O n - l i n e p r o c e s s a n a l y s e r s a r e d i s t i n g u i s h e d from a t - l i n e 
a n a l y s e r s i n t h a t an automated sampling system i s used t o 
e x t r a c t the sample from the p r o c e s s i t s e l f and i n t r o d u c e i t 
to t he a n a l y s e r , f o l l o w i n g any sample p r e - t r e a t m e n t t h a t 
may be r e q u i r e d . On-line a n a l y s i s may be d i v i d e d i n t o two 
c a t e g o r i e s , i n t e r m i t t e n t methods t h a t r e q u i r e i n j e c t i o n of 
a sample stream i n t o the instrument, and continuous methods 
i n which the sample flows c o n t i n u o u s l y through the 
instrument. I n both c a s e s the i n s t r u m e n t a t i o n tends t o be 
b u i l t i n t o the p r o c e s s i t s e l f and a l l o w s f o r unattended 
o p e r a t i o n . 
The t h i r d type of p r o c e s s a n a l y s e r s a r e t h e i n - l i n e 
a n a l y s e r s where the measurement i s made i n s i t u . They have 
the advantage t h a t no sample needs t o be t a k e n from the 
p r o c e s s . Such a n a l y s e r s , however, tend t o be d i f f i c u l t t o 
c a l i b r a t e and a r e prone t o f o u l i n g . L a s t l y t h e r e i s the 
n o n - i n v a s i v e a n a l y s e r s . These a n a l y s e r s r e p r e s e n t the 
u l t i m a t e g o a l of p r o c e s s a n a l y s e r s i n t h a t no sample needs 
to be t a k e n from the p r o c e s s stream, nor does the 
i n s t r u m e n t a t i o n impinge on t h e p r o c e s s . T a b l e 1.1 l i s t s 
the four t y p e s of a n a l y s e r and examples of each ( 1 ) . Riebe 
Table 1.1 
Four Types of P r o c e s s A n a l y s e r 
Type of A n a l y s e r Example 
At L i n e C o l o u r i m e t e r 
Flow I n j e c t i o n A n a l y s e r 
On-Line C a p i l l i a r y Gas Chromatography 
Flow I n j e c t i o n A n a l y s e r 
I n - L i n e C o n d u c t i v i t y Sensor 
pH Sensor 
Non-Invasive D i f f u s e R e f l e c t a n c e Near-IR 
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and E u s t a c e (1) d e s c r i b e d p r o c e s s a n a l y t i c a l c h e m i s t r y i n 
terms of the elements t h a t make i t up ( f i g u r e 1 . 3 ). 
1.2 PROCESS ANALYTICAL CHEMISTRY IN THE CHLOR-ALKALI 
INDUSTRY 
The PAC philosophy i s now e n t e r i n g many p r o c e s s i n d u s t r i e s , 
one example being the c h l o r - a l k a l i i n d u s t r y . The 
e l e c t r o l y s i s of b r i n e t o produce c h l o r i n e and c a u s t i c soda 
i s the world's l a r g e s t e l e c t r o l y t i c p r o c e s s (2) producing 
around 40 m i l l i o n tonnes of c a u s t i c soda p er annum. New 
technology i n the c h l o r - a l k a l i i n d u s t r y has l e d t o a s h i f t 
away from mercury and diaphragm c e l l s , which although 
t o l e r a n t of feed b r i n e q u a l i t y w i t h r e s p e c t t o t r a c e metal 
i m p u r i t i e s have a s s o c i a t e d environmental problems, towards 
membrane c e l l technology. Membrane c e l l s o f f e r s e v e r a l 
advantages over the p r e v i o u s two c e l l d e s i g n s i n t h a t 
h i g h e r s t r e n g t h , p u r e r c a u s t i c i s produced a t lower 
o p e r a t i n g c o s t s . Due t o the n a t u r e of t h e membrane, 
however, t r a c e metal l e v e l s i n t h e feed b r i n e s must be 
maintained a t the low ng ml"^ l e v e l . R e l a t i v e l y h i g h 
c o n c e n t r a t i o n s of t r a c e metals such a s t h e a l k a l i n e e a r t h s 
cause d e c r e a s e d c u r r e n t e f f i c i e n c i e s and p h y s i c a l 
d i s r u p t i o n of the membrane. I f economic l i f e t i m e s of t h e 
membranes a r e t o be ach i e v e d t h e r e f o r e , t h e q u a l i t y of t h e 
feed b r i n e s used i n the p r o c e s s must be monitored. Due t o 
the t o l e r a n c e s p l a c e d upon t h e p u r i t y of the feed b r i n e 
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w i t h r e s p e c t t o t r a c e metal l e v e l s , t he feed b r i n e s a r e 
passed through ion-exchange columns p r i o r t o t h e 
e l e c t r o l y s i s c e l l s themselves. The i o n exchange columns 
are designed t o remove magnesium and c a l c i u m from the 
b r i n e s t o below 50 ng ml~^, and t o a l e s s e r degree remove 
strontium, barium and t h e f i r s t row t r a n s i t i o n m e t a l s . 
T y p i c a l l y two such columns a r e employed, one b e i n g used t o 
r e t a i n t r a c e metals from t h e b r i n e s w h i l s t t h e o t h e r i s 
regenerated and c o n d i t i o n e d . The columns a r e t y p i c a l l y 
used f o r seven hours b e f o r e r e g e n e r a t i o n . I n order t o 
o p t i m i s e the use of t h e s e ion-exchange columns and t o 
ensure t h a t the feed b r i n e s e n t e r i n g the e l e c t r o l y s i s c e l l s 
i s w i t h i n the r e q u i r e d s p e c i f i c a t i o n , i t i s n e c e s s a r y t o 
monitor the c o n c e n t r a t i o n s of the t r a c e m e t a l s from the 
o u t l e t of t h e s e columns. 
For p r o c e s s c o n t r o l purposes, the a n a l y s i s would need t o be 
made e i t h e r a t - l i n e or o n - l i n e . An o n - l i n e a n a l y s e r i s 
p r e f e r r e d a s t h i s a l l o w s f o r unattended o p e r a t i o n . Any 
o n - l i n e methodology t h a t i s developed must be c a p a b l e of 
r o u t i n e , unattended o p e r a t i o n , p r o v i d e d a t a w i t h minimal 
c a l i b r a t i o n , meet s t r i n g e n t s a f e t y r e q u i r e m e n t s , be robust 
and f u n c t i o n i n the presence of a m a t r i x . 
L i q u i d chromatography and f l o w - i n j e c t i o n t e c h n i q u e s l e n d 
themselves w e l l t o o n - l i n e a n a l y s i s . Both t e c h n i q u e s 
u t i l i s e f l o w i n g streams themselves, so t h a t i n t e r f a c i n g 
w i t h a p r o c e s s stream does not u s u a l l y r e q u i r e any 
e l a b o r a t e c o u p l i n g . They tend t o o p e r a t e a t ambient 
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temperature and p r e s s u r e and t h e i n s t r u m e n t a t i o n i s ro b u s t , 
r e q u i r i n g minimal maintenance. Flow i n j e c t i o n t e c h n i q u e s 
a r e i n e x p e n s i v e and pro v i d e r a p i d , r e p r o d u c i b l e a n a l y s i s 
a l l o w i n g f o r high sample throughput and continuous 
sampling. 
L i q u i d chromatographic t e c h n i q u e s on t h e o t h e r hand p r o v i d e 
a means of multi-element d e t e r m i n a t i o n . Such t e c h n i q u e s 
s u f f e r l e s s from i n t e r f e r e n c e s due t o the s e p a r a t i o n s t e p 
and i t i s p o s s i b l e t o improve s e n s i t i v i t i e s by 
i n c o r p o r a t i n g a p r e c o n c e n t r a t i o n s t e p . These advantages 
a r e gained however, a t the expense of speed of a n a l y s i s . 
As t h e feed b r i n e s used i n the c h l o r - a l k a l i i n d u s t r y may 
d i f f e r i n t h e i r composition w i t h r e s p e c t t o t h e a l k a l i n e 
e a r t h s , and as the ion-exchange ' c l e a n up' columns used t o 
p u r i f y the b r i n e s w i l l have d i f f e r e n t s e l e c t i v i t i e s f o r t h e 
d i f f e r e n t metals, i t would be u s e f u l t o o b t a i n q u a l i t a t i v e 
i n f o r m a t i o n as w e l l as q u a n t i t a t i v e i n f o r m a t i o n on the feed 
b r i n e s f o r p r o c e s s c o n t r o l purposes. I n view o f the 
rec[uirements, l i q u i d chromatography was chosen a s t h e 
a n a l y t i c a l technique f o r the d e t e r m i n a t i o n o f t r a c e metals 
i n c o n c e n t r a t e d b r i n e s . 
1.3 DETERMINATION OF TRACE METALS BY LIQUID CHROMATOGRAPHY 
The b a s i c theory and p r i n c i p l e s of l i q u i d chromatography 
a r e w e l l documented and as such w i l l not be d e a l t w i t h 
here. I n s t e a d the re a d e r i s r e f e r r e d t o a t e x t on the 
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s u b j e c t ( 3 ) . The d e t e r m i n a t i o n of met a l s by l i q u i d 
chromatography (LC) may be d i v i d e d i n t o t h r e e a r e a s , 
a d s o r p t i o n chromatography, p a r t i t i o n chromatography and i o n 
exchange chromatography. Adsorption and p a r t i t i o n 
chromatography a r e p r i m a r i l y used f o r o r g a n i c media w h i l s t 
ion exchange chromatography i s a p p l i e d t o aqueous media. 
1.3.1 Adsorption Chromatography 
S i l i c a g e l i s the most w i d e l y used s t a t i o n a r y phase i n 
c l a s s i c a l a d s o r p t i o n chromatography. S i l i c a g e l i s a p o l a r 
m a t e r i a l and i s t h e r e f o r e used w i t h low p o l a r i t y mobile 
phases. As most metal s p e c i e s a r e i n the i o n i c form, 
e s p e c i a l l y a f t e r any sample pre-treatment s u c h a s wet 
o x i d a t i o n , t h i s p r e s e n t s a problem f o r the d e t e r m i n a t i o n o f 
metal s p e c i e s by ad s o r p t i o n chromatography. One method f o r 
overcoming t h i s problem i s the formation of n e u t r a l metal 
complexes w i t h a s u i t a b l e o r g a n i c c h e l a t i n g agent and 
e x t r a c t i n g t h e complexes i n t o a non-aqueous phase p r i o r t o 
a n a l y s i s . Such s o l v e n t e x t r a c t i o n s do c o m p l i c a t e t h e 
a n a l y s i s although t h e r e a r e advantages t o t h e te c h n i q u e 
such a s removal o f the sample m a t r i x and p r e c o n c e n t r a t i o n 
of t h e a n a l y t e s , both of which l e a d t o reduced 
i n t e r f e r e n c e s and improved s e n s i t i v i t i e s . Some of t h e 
e a r l i e s t examples of metal s e p a r a t i o n s u s i n g a d s o r p t i o n 
chromatography made use of d i t h i o c a r b a m a t e d e r i v a t i v e s . 
L i s k a e t a l . (4) s e p a r a t e d nine m e t a l s a s t h e i r 
d i e t h y l d i t h i o c a r b a m a t e s on a s i l i c a g e l s u b s t r a t e w i t h a 
mobile phase of chloroform i n cyclohexane. Some of t h e 
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more important examples of a d s o r p t i o n chromatography f o r 
the s e p a r a t i o n of metals have been r e p o r t e d by 
Edward-Inatimi (5+6). 
The s e p a r a t i o n of Co, Cu, Hg, Mn, Ni and Pb was r e p o r t e d by 
Edward-Inatimi and D a l z i e l ( 5 ) . The method was a l s o 
a p p l i e d t o the det e r m i n a t i o n o f t r a c e m e t a l s i n e f f l u e n t s 
(6) . One p o i n t which a r o s e from t h i s work was t h e 
d i f f e r e n t s e n s i t i v i t i e s obtained f o r t h e d i f f e r e n t m e t a l s . 
T h i s i s due i n p a r t t o the d i f f e r e n c e i n the a b s o r p t i o n 
wavelength maximum between the d i f f e r e n t metal c h e l a t e s and 
a l s o t o the d i f f e r e n c e i n the molar a b s o r p t i v i t i e s of t h e 
d i f f e r e n t complexes. T h i s i l l u s t r a t e s t h e problems 
a s s o c i a t e d w i t h choosing a common wavelength f o r the 
det e r m i n a t i o n of s e v e r a l metal complexes. 
1.3.2 P a r t i t i o n Chromatography 
P a r t i t i o n chromatography i s perhaps t h e most f l e x i b l e o f 
a l l the s e p a r a t i o n systems. E s s e n t i a l l y t h e s e p a r a t i o n i s 
based on a s o r p t i o n mechanism where both the mobile phase 
and t h e s t a t i o n a r y phase a r e l i q u i d s . I t s use has been 
l i m i t e d due t o problems a r i s i n g from t h e mutual s o l u b i l i t y 
of the two l i q u i d s and mechanical dislodgment of t h e 
s t a t i o n a r y phase, both of which l e a d t o d e t e r i o r a t i o n i n 
the s e p a r a t i o n . The c l a s s i c a l l i q u i d / l i q u i d systems have 
now been superseded by bonded phase systems. Bonded phase 
systems although not s t r i c t l y p a r t i t i o n systems, combine 
the v e r s a t i l i t y of p a r t i t i o n chromatography w i t h t h e h i g h 
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e f f i c i e n c y and r a p i d mass-transfer o f a d s o r p t i o n 
chromatography. A bonded phase system i s t y p i c a l l y 
composed o f a s i l i c a g e l s i i b s t r a t e w i t h a range o f or g a n i c 
groups bonded t o t h e surface s i l a n o l groups. The r e s u l t i n g 
r e s i n may be used e i t h e r as a normal phase o r reverse phase 
column depending upon t h e p o l a r i t y o f t h e groups bonded t o 
the s u r f a c e . The most popular method u t i l i z e s an a l k y l 
bonded s t a t i o n a r y phase w i t h a mobile phase such as 
methanol or a c e t o n i t r i l e i n water. The p r i n c i p a l mechanism 
f o r s e p a r a t i o n i s based on t h e f o r m a t i o n o f s t a b l e metal 
c h e l a t e s . These che l a t e s are e i t h e r formed p r i o r t o 
i n j e c t i o n o f t h e sample ( e x t e r n a l ) o f a f t e r i n j e c t i o n o f 
the sample(in s i t u ) . 
Amongst the techniques a v a i l a b l e f o r e x t e r n a l c h e l a t e 
f o r m a t i o n i s l i q u i d / l i q u i d e x t r a c t i o n , whereby t h e 
c h e l a t i n g agent i s added t o t h e sample and t h e metal 
che l a t e s formed are then e x t r a c t e d i n t o an o r g a n i c phase. 
A second method i n v o l v e s t h e a d d i t i o n o f an a l i q u o t o f t h e 
mobile phase t o the sample i n t h e presence o f t h e c h e l a t i n g 
agent. T h i r d l y , metal c h e l a t e s formed i n t h e aqueous phase 
may be r e t a i n e d on a precolumn and subsequently e l u t e d w i t h 
a s m a l l volume o f a non-aqueous s o l v e n t p r i o r t o i n j e c t i o n . 
Bond and Wallace (7) i n v e s t i g a t e d t h e above techniques and 
found, t h a t although t h e second procedure was l e s s 
complicated, t h e o t h e r two techniques were a p p l i c a b l e t o a 
wider range o f metals and, due t o t h e p r e c o n c e n t r a t i o n s t e p 
i n v o l v e d , p r o v i d e d improved s e n s i t i v i t i e s . 
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I f t h e metal c h e l a t e s are t o be formed i n s i t u t h e aqueous 
sample i s i n j e c t e d d i r e c t l y i n t o t h e system where t h e 
mobile phase c o n t a i n s a low c o n c e n t r a t i o n o f t h e complexing 
l i g a n d . 
The s e p a r a t i o n mechanism i n bonded phase systems can be 
e f f e c t e d by unreacted s i l a n o l groups on t h e s u r f a c e o f t h e 
s i l i c a g e l . Thus t h e s e p a r a t i o n mechanism may be due t o a 
combination o f p a r t i t i o n and a d s o r p t i o n processes. 
Although s u c c e s s f u l s e p a r a t i o n s haye been achieved u s i n g 
a d s o r p t i o n and p a r t i t i o n chromatography, t h e most w i d e l y 
s t u d i e d method i s t h a t o f ion-exchange chromatography. 
1.3.3 Ion-Exchange Chromatography 
Although t h e term "ion-chromatography" was i n i t i a l l y 
a p p l i e d t o the o r i g i n a l system developed by Small e t a l (8) 
f o r ion-exchange chromatography u s i n g c o n d u c t i v i t y 
d e t e c t i o n and c h e m i c a l l y based suppression, i t i s now used 
i n t h e broader c o n t e x t o f any reasonably e f f i c i e n t 
s e p a r a t i o n o f i o n i c species u s i n g automated d e t e c t i o n o f 
the ions (9) . I t i s h a r d l y s u r p r i s i n g t h a t i o n 
chromatography i s the most s t u d i e d method f o r t h e 
s e p a r a t i o n o f metal species as most samples c o n t a i n metals 
as e i t h e r c a t i o n s o r anions and ion-exchange chromatography 
i s performed i n aqueous media. Tremendous advances have 
been made i n i o n chromatography s i n c e t h e f i r s t c l a s s i c a l 
s e parations such as t h a t by F r i t z and S t o r y ( 1 0 ) . The 
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presence o f complexing agents i n t h e mobile phase improves 
both t h e speed and r e s o l u t i o n o f c a t i o n i c s e p a r a t i o n s . 
C h e l a t i n g agents may be simple monodentate l i g a n d s such as 
h a l i d e s or po l y d e n t a t e l i g a n d s such as p o l y f u n c t i o n a l 
c a r b o x y l i c a c i d s . The choice o f c h e l a t i n g agent i s l i m i t e d 
somewhat by f a c t o r s such as c o r r o s i o n o f t h e HPLC hardware, 
degradation o f t h e s t a t i o n a r y phase, and i n t e r f e r e n c e s w i t h 
d e t e c t i o n methods. The most common c h e l a t i n g agents used 
are c a r b o x y l i c acids such as o x a l i c , t a r t a r i c , c i t r i c and 
h y d r o x y b u t y r i c a c i d s . The l a t t e r was used as a mobile phase 
f o r t h e s e p a r a t i o n o f t h e l a n t h a n i d e s on Aminex Cation 
exchange r e s i n by Elchuk and Cassidy ( 1 1 ) . Takata and 
F u j i t a (12) r e p o r t e d t h e s e p a r a t i o n o f Cd, Co, Cu, N i , Pb 
and 2n us i n g t a r t a r i c and o x a l i c a c i d s . The growth i n t h e 
number o f p u b l i c a t i o n s i n v o l v i n g ion-exchange 
chromatography i s due i n p a r t t o improvements i n r e s i n 
m a t e r i a l s . H i g h l y c r o s s - l i n k e d r e s i n s are now a v a i l a b l e 
which are t o l e r a n t t o t h e h i g h back pressures experienced 
i n some systems, and low c a p a c i t y columns are a v a i l a b l e 
w i t h o n l y the surface o f t h e r e s i n t r e a t e d w i t h s u l p h o n i c 
a c i d groups en a b l i n g s e p a r a t i o n s t o be performed w i t h 
d i l u t e mobile phases which i n t u r n o f f e r l e s s i n t e r f e r e n c e s 
t o d e t e c t i o n methods. Such low c a p a c i t y columns are n o t , 
however, s u i t a b l e f o r a n a l y s i s o f samples w i t h h i g h s a l t 
c o n c e n t r a t i o n s . 
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1.4 DETECTION SYSTEMS IN LIQUID CHROMATOGRAPHY 
The most common d e t e c t o r s used i n i o n chromatography are 
el e c t r o c h e m i c a l o r photometric. The mobile phase used i s 
not always compatible w i t h t h e s e n s i t i v e d e t e c t i o n o f t h e 
separated a n a l y t e s . Depending upon t h e mobile phase used, 
the a n a l y t e s may not be i n a form e a s i l y d e t e c t e d , o r i t 
may c o n t r i b u t e t o unnecessary i n t e r f e r e n c e s . A common 
technique t o overcome these problems i s t h a t o f post-column 
r e a c t i o n , a l s o known as post-column d e r i v i t i s a t i o n , 
1.4.1 E l e c t r o c h e m i c a l D e t e c t i o n 
Of t h e e l e c t r o c h e m i c a l methods a v a i l a b l e t h e most common i s 
c o n d u c t i v i t y d e t e c t i o n , although as r e a c t i o n s t a k e place a t 
the e l e c t r o d e s , i t i s not s t r i c t l y e l e c t r o c h e m i c a l . 
Post-column r e a c t i o n used i n c o n d u c t i v i t y d e t e c t i o n i s 
based upon suppression o f t h e c o n d u c t i v i t y o f t h e mobile 
phase. Small e t a l . (8) o r i g i n a l l y developed suppressed 
c o n d u c t i v i t y whereby t h e mobile phase i s co n v e r t e d t o 
non-conducting d i s t i l l e d water. P o t e n t i o m e t r i c d e t e c t o r s 
are used mainly f o r t h e 
de t e r m i n a t i o n o f organic species and i n o r g a n i c anions ( 1 3 ) . 
Haddad e t a l (14,15) developed an i n d i r e c t p o t e n t i o m e t r i c 
d e t e c t o r based on a copper e l e c t r o d e c e l l . 
There have been many p u b l i c a t i o n s on t h e use o f 
amperometric and c o u l o m e t r i c d e t e c t i o n systems 
(7,13,16-20). 
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1.4.2 Photometric D e t e c t i o n 
Most simple compounds do not absorb s t r o n g l y i n t h e UV or 
v i s i b l e r e g i o n s o f t h e spectrum. Two methods are commonly 
employed t o overcome t h i s problem, pre-column r e a c t i o n o r 
post-column r e a c t i o n . Pre-column r e a c t i o n s are g e n e r a l l y 
associated w i t h t h e f o r m a t i o n o f d i t h i o c a r b a m a t e metal 
c h e l a t e s . The pre-formed c h e l a t e s are then u t i l i z e d f o r 
both t h e s e p a r a t i o n and d e t e c t i o n and w i l l n o t be discussed 
here. 
1.4.2.1 Post-column r e a c t i o n s i n p h o t o m e t r i c d e t e c t i o n 
When p e r f o r m i n g ion-exchange chromatography w i t h weakly 
complexing mobile phases, t h e e l u t i n g species have l i t t l e 
or no absorbance i n the UV o r v i s i b l e r e g i o n o f t h e 
spectrum. The c o l o u r i m e t r i c d e t e c t i o n o f t r a c e metals i s a 
w e l l known area i n a n a l y t i c a l c h e m i s t r y and a w e a l t h o f 
knowledge i s a v a i l a b l e f o r e x p l o i t a t i o n (21) . The b a s i c 
p r i n c i p l e behind post-column r e a c t i o n i s t h a t t h e e l u e n t 
from t h e a n a l y t i c a l column i s mixed w i t h a second stream 
c o n t a i n i n g a c h e l a t i n g agent- The metal complexes which 
are subsequently formed are then monitored i n t h e 
U V / v i s i b l e r e g i o n o f t h e spectrum. The choice o f c h e l a t i n g 
agent i s l i m i t e d by s e v e r a l f a c t o r s . F i r s t l y , b o th t h e 
c h e l a t i n g agent and t h e metal complex which i s formed must 
be s o l u b l e i n aqueous media. The f o r m a t i o n o f t h e complex 
should be r a p i d and n o n - r e v e r s i b l e , and t h e molar 
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a b s o r p t i v i t i e s o f t h e complexes should be h i g h . F i n a l l y 
the wavelength o f maximum absorbance o f t h e complex should 
be w e l l separated from t h a t o f t h e reagent. 
The c h e l a t i n g agent 4 - ( 2 - p y r i d y l ) a z o r e s o r c i n o l (PAR) 
s a t i s f i e s these c r i t e r i a and r e a c t s w i t h a range o f metals 
i n c l u d i n g B i , Cd, Co, Cu, Fe, Mn, N i , Pb, Zn and t h e 
lan t h a n i d e s . I t was f i r s t used as a post-column reagent by 
Kawazu and F r i t z (22) and F r i t z and St o r y ( 1 0 ) . The PAR 
reagent has a l s o been used f o r HPLC s e p a r a t i o n s (23-25). 
Other reagents which have been s t u d i e d f o r use as 
post-column r e a c t o r s are x y l e n o l orange (26) and Arsenazo I 
and I I I ( 1 0 ) . An example o f a s p e c i f i c , r a t h e r t h a n a ge n e r a l 
post-column reagent i s bat h o p h e n a n t h r o l i n e d i s u l p h o n i c a c i d 
(27) which i s s p e c i f i c f o r F e ( I I ) and F e ( I I I ) o n l y . However, 
when s e v e r a l e l u t i n g species are t o be determined t h e r e i s 
s t i l l a problem o f choosing a compromise wavelength t o d e t e c t 
the d i f f e r e n t species, due t o t h e d i f f e r e n c e i n wavelength o f 
maximum absorbance o f each- There are two approaches t o 
overcome t h i s . A r g u e l l o and F r i t z (28) d e s c r i b e d a method 
based on a system developed by Takata and F u j i t a (12) 
u t i l i z i n g metal displacement r e a c t i o n s . The method c o n s i s t e d 
of a d d i t i o n o f a Zn EDTA s o l u t i o n t o t h e PAR post-column 
reagent* When e l u t i n g metals mixed w i t h t h e reagent t h e Zn 
was d i s p l a c e d from t h e EDTA, p r o v i d i n g f a v o u r a b l e s t a b i l i t y 
constants e x i s t e d , and the l i b e r a t e d Zn complexed w i t h t h e PAR 
reagent. The d e t e c t o r wavelength was s e t t o absorb a t t h e 
maximvim absorbance o f the Zn PAR complex. F u r t h e r s t u d i e s on 
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t h i s system were c a r r i e d out by Jezorek and P r e i s e r ( 2 9 ) . 
A second method i s t o monitor t h e consumption o f t h e 
reagent r a t h e r than t h e f o r m a t i o n o f t h e metal complexes. 
The d e t e c t o r wavelength i s s e t t o t h e absorbance maxima o f 
the reagent. Any metal which complexes w i t h i t w i l l cause 
a decrease i n t h e absorbance a t t h a t wavelength. D i t h i z o n e 
(30) and Erichrome b l a c k T (31,32) have been used i n t h i s way. 
The technique i s a l s o known as i n v e r s e photometry. I t has t h e 
advantage t h a t o n l y one wavelength needs t o be monitored -
t h a t o f t h e reagent. Due t o an absorbance maxima being 
monitored however, any pump noise tends t o be exaggerated. 
Metals detected by these systems are e s s e n t i a l l y t h e same as 
those det e c t e d by t h e PAR reagent but w i t h t h e a d d i t i o n o f Mg 
and Ca. Molecular emission d e t e c t i o n , f l u o r e s c e n c e , has found 
fewer a p p l i c a t i o n s than a b s o r p t i o n . The technique i s more 
s e n s i t i v e and s e l e c t i v e than a b s o r p t i o n , however t r a n s i t i o n 
metals quench t h e fluorescence i f pre s e n t i n t h e sample. 
Beckett and Nelson (33) separated Zn, Cd and Pb as complexes 
of amino d e r i v a t i v e s of EDTA f o l l o w e d by post-column d e t e c t i o n 
w i t h fluorescamine. Jones e t a l (34) separated A l , Ga and I n 
on a c a t i o n exchange r e s i n f o l l o w e d by post-column r e a c t i o n 
w i t h 8-hydroxyquinoline-5-sulphonic a c i d (8HQ5S). 
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1.5 APPLICATION OF lON-CHROMATOGRAPHY TO THE ANALYSIS OF 
SALINE MEDIA 
While most a n a l y t i c a l techniques are r e a d i l y a p p l i c a b l e t o 
th e d e t e r m i n a t i o n o f t r a c e elements i n simple media, t h e 
q u a n t i f i c a t i o n o f these t r a c e elements i n complex sample 
mat r i c e s o f t e n presents f o r m i d a b l e problems. I o n 
chromatography i s no exc e p t i o n t o t h i s . The extremely h i g h 
l e v e l s o f m a t r i x elements i n samples such as sea waters, 
e s t u a r i n e water and b r i n e s , when passed t h r o u g h an i o n -
exchange column, swamp t h e a c t i v e s i t e s on t h e r e s i n and 
upset t h e e q u i l i b r i u m between t h e mobile phase and t h e 
analy t e s of i n t e r e s t . This causes s e r i o u s d e g r a d a t i o n o f 
the chromatography and d e t e c t i o n systems. The most common 
method o f addressing t h i s problem i s t h e use o f m a t r i x 
removal and a n a l y t e p r e c o n c e n t r a t i o n t e c h n i q u e s . The most 
f r e q u e n t l y employed method u t i l i z e s an i m i n o d i a c e t i c a c i d 
c h e l a t i n g r e s i n such as Chelex 100. Chelex 100 i s a 
s t y r e n e - d i v i n y l benzene polymer w i t h o n l y l i g h t c r o s s - l i n k i n g 
(1-2%) onto which i s bonded an i m i n o d i a c e t i c a c i d 
f u n c t i o n a l i t y . There have been numerous r e p o r t s i n t h e 
l i t e r a t u r e on t h e p r o p e r t i e s and use o f Chelex 100 and i t s 
analogue Dowex A-1, f o r t h e s e l e c t i v e r e t e n t i o n of t r a c e 
metals from s a l i n e media (35-40). These methods however, 
des c r i b e t h e r e t e n t i o n o f t r a n s i t i o n metals from mainly sea 
water samples and subsequent d e t e r m i n a t i o n o f t h e r e t a i n e d 
metals i s g e n e r a l l y c a r r i e d by atomic s p e c t r o s c o p i c methods. 
There are few papers concerning t h e d e t e r m i n a t i o n o f t h e 
a l k a l i n e e a r t h s i n concentrated b r i n e s (30% m/v sodium 
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c h l o r i d e ) and o f these none use i o n chromatographic techniques 
f o r t h e d e t e r m i n a t i o n . 
Kehr e t a l (41) determined c a l c i u m and magnesium a t t h e low 
/ig 1 " ^ l e v e l i n concentrated b r i n e s by d i r e c t i n t r o d u c t i o n 
o f t h e sample i n t o an i n d u c t i v e l y coupled plasma atomic 
emission spectrometer (ICP-AES), having f i r s t d i l u t e d t h e 
b r i n e sample 3 + 5 w i t h d e - i o n i s e d water. Wada e t a l (42) 
descri b e d t h e use o f t h e c h e l a t i n g r e s i n Dowex A-1 f o r t h e 
r e t e n t i o n o f magnesium and calcium from a 2.5M sodivim 
c h l o r i d e m a t r i x . The combined magnesium and calci u m 
c o n c e n t r a t i o n was subsequently determined by f l o w i n j e c t i o n 
a n a l y s i s forming a complex w i t h 1-(2-hydroxy-4-diethylamino 
-1-phenylazo) 2-hydroxynapthalene-3, 6 - d i s u l p h o n i c a c i d . 
The magnesium content was subsequently determined i n a 
second sample by masking t h e calci u m by t h e a d d i t i o n o f a 
l i g a n d b u f f e r c o n t a i n i n g an excess o f barium ( I I ) 
et h y l e n e g l y c o l t e t r a a c e t i c a c i d (EGTA), and t h e calci u m found 
by d i f f e r e n c e . S i r i r a k s and Kingston (43) developed an 
o n - l i n e p r e c o n c e n t r a t i o n i o n chromatographic method f o r t h e 
d e t e r m i n a t i o n o f t r a n s i t i o n metals i n sea waters. The method 
used a more s t a b l e form of t h e i m i n o d i a c e t i c a c i d c h e l a t i n g 
r e s i n , w i t h a h i g h degree o f c r o s s - l i n k i n g which a l l o w e d i t s 
use a t e l e v a t e d pressures. I n o r d e r t o e l u t e t h e r e t a i n e d 
metals i n as small a volume as p o s s i b l e however, a r e l a t i v e l y 
h i g h a c i d c o n c e n t r a t i o n (0.5 -l.OM IT*") was r e q u i r e d which was 
not d i r e c t l y compatible w i t h t h e low c a p a c i t y cation-exchange 
r e s i n being used. To overcome t h i s problem a t h i r d column was 
added t o concentrate t h e r e t a i n e d metals from t h e 
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c h e l a t i n g r e s i n p r i o r t o i n j e c t i o n onto t h e a n a l y t i c a l 
column. The a d d i t i o n o f a t h i r d column and t h e a s s o c i a t e d 
valves and pumps necessary t o d e l i v e r a d d i t i o n a l reagents 
makes t h i s u n a t t r a c t i v e f o r a process environment. This 
h i g h l i g h t s t h e need f o r c o m p a t i b i l i t y between t h e c h e l a t i o n 
column and t h e a n a l y t i c a l column. More r e c e n t l y Chambaz 
and Haerdi (44) d i d de s c r i b e t h e o n - l i n e p r e c o n c e n t r a t i o n 
and e l u t i o n o f t r a c e metals by i o n chromatography a l t h o u g h 
i n t h i s case no mention was made o f t h e a l k a l i n e e a r t h s and 
the d e t e r m i n a t i o n was c a r r i e d out i n a n a t u r a l r i v e r water 
sample, r a t h e r than a h i g h l y s a l i n e m a t r i x . Toei (45) 
described t h e use of t h e c h e l a t i n g column TSK-GEL c h e l a t e 
5-PW f o r t h e s e p a r a t i o n of t h e a l k a l i n e e a r t h s u s i n g , as a 
mobile phase, 0.2M potassium c h l o r i d e w i t h t h e a d d i t i o n o f 
0.1m mol 1"^ 0-Cresol-phthaleine complexpne. The method 
was used f o r the d e t e r m i n a t i o n o f magnesium and ca l c i u m i n 
sea water f o l l o w i n g d i r e c t i n j e c t i o n o f t h e sample. 
Although no i n v e s t i g a t i o n s were made as t o t h e s u i t a b i l i t y 
of t h e column f o r t h e p r e c o n c e n t r a t i o n o f t h e a l k a l i n e 
e a r t h s from s a l i n e media, t h e column c l e a r l y holds 
p o t e n t i a l f o r such a p p l i c a t i o n s . 
1.6 THE APPLICATION OP lON-CHROMATOGRAPHY TO ATOMIC 
SPECTROSCOPY 
I n r e c e n t years t h e r e has been an increased i n t e r e s t i n t h e 
b e n e f i t s o f f e r e d by c o u p l i n g i o n chromatography, indeed 
l i q u i d chromatography i n g e n e r a l , t o atomic s p e c t r o s c o p i c 
techniques. This i s not s u r p r i s i n g as al t h o u g h 
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s p e c t r o s c o p i c methods o f f e r r a p i d elemental d e t e r m i n a t i o n , 
they o f f e r no i n f o r m a t i o n on t h e s p e c i a t i o n o f t h e elements 
present. I n l i n e w i t h t h e i n t e r e s t i n coupled 
ion-chromatography-atomic spectroscopy, t h e r e i s a l s o 
i n t e r e s t i n t h e a p p l i c a t i o n s o f m a t r i x removal techniques 
p r i o r t o a n a l y s i s by atomic spectroscopy. As has a l r e a d y 
been s a i d , most a n a l y t i c a l techniques are not s u i t e d t o t h e 
d i r e c t a n a l y s i s o f h i g h l y s a l i n e media. Although t h e r e has 
been l i t t l e p u b l i s h e d work on t h e a p p l i c a t i o n s o f c h e l a t i o n 
p r e c o n c e n t r a t i o n i o n chromatography, t h i s i s n o t t h e case 
f o r t h e a p p l i c a t i o n o f such techniques t o atomic 
spectroscopy. The a p p l i c a t i o n o f t h e c h e l a t i n g r e s i n 
chelex 100 t o t h e d e t e r m i n a t i o n o f t r a n s i t i o n metals i n sea 
waters by flame atomic a b s o r p t i o n spectrometry has a l r e a d y 
been mentioned. Van Berkel e t a l (46) d e s c r i b e d t h e 
d e t e r m i n a t i o n o f Cd, Co, Cu, Mn, Pb and Zn from sea waters 
u s i n g chelex 100 p r i o r t o a n a l y s i s by i n d u c t i v e l y coupled 
plasma atomic emission spectrometry (ICP-AES). When us i n g 
atomic spectroscopy t h e choice o f c h e l a t i n g agent used i n 
the p r e c o n c e n t r a t i o n column i s not r e s t r i c t e d by as many 
f a c t o r s as when t h e d e t e r m i n a t i o n i s c a r r i e d o u t u s i n g i o n 
chromatography. 
For i n s t a n c e , a more s t r o n g l y c h e l a t i n g agent such as 
8-hydroxyquinoline (8HQ) may be used. The use o f 8HQ i n 
i o n chromatography i s l i m i t e d due t o t h e s t r e n g t h o f t h e 
mobile phase r e q u i r e d t o e l u t e t h e r e t a i n e d metals from t h e 
column. Sturgeon e t a l (47,48) and W i l l i e e t a l (49) have 
descri b e d t h e use o f i m m o b i l i z e d 8HQ f o r t h e 
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p r e c o n c e n t r a t i o n o f Cd, Co, Fe, Mn, Pb and Zn from sea 
water samples f o l l o w e d by e l u t i o n w i t h a h y d r o c h l o r i c 
a c i d / n i t r i c a c i d e l u e n t and subsequent d e t e r m i n a t i o n by 
g r a p h i t e furnace atomic a b s o r p t i o n spectroscopy (GFAAS). 
T y p i c a l l y 500 ml a l i q u o t s o f sample were p r e c o n c e n t r a t e d 
a l l o w i n g t h e d e t e r m i n a t i o n o f t h e a n a l y t e s o f i n t e r e s t i n 
near-shore sea water a t the low ng ml"^ l e v e l . 
Malamas e t a l (50) used 8 - q u i n o l i n o l i m m o b i l i s e d onto 
porous g l a s s beads as an o n - l i n e p r e c o n c e n t r a t o r column f o r 
the e x t r a c t i o n o f Cd, Co, Cu, N i , Pb and Zn from aqueous 
samples f o l l o w e d by f l o w i n j e c t i o n coupled w i t h an atomic 
a b s o r p t i o n spectrometer (FI-AAS). None o f t h e methods 
c i t e d have described t h e d e t e r m i n a t i o n o f t h e a l k a l i n e 
e a r t h s and a i l have been concerned w i t h t h e a n a l y s i s o f sea 
water samples r a t h e r than concentrated b r i n e s (30% m/v 
sodium c h l o r i d e ) . 
1.7 THE ROLE OF EXPERT SYSTEMS IN ANALYTICAL CHEMISTRY 
During t h e l a s t decade, e x p e r t systems have made a dramatic 
impact i n a n a l y t i c a l c h e m i s t r y . The scope o f these systems 
ranges from d e c i s i o n based systems f o r use w i t h l a b o r a t o r y 
i n s t r u m e n t a t i o n , l a b o r a t o r y management systems, which, i f 
presented w i t h a sample are capable o f suggesting 
a p p r o p r i a t e techniques f o r t h e d e t e r m i n a t i o n o f X, Y and Z 
i n t h a t sample. Expert systems are a l s o used i n data 
i n t e r p r e t a t i o n f o r i n f r a r e d s p e c t r a and mass s p e c t r a , and 
used i n o p t i m i z a t i o n procedures i n l i q u i d chromatography. 
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Expert systems work w e l l i n areas where ideas e x i s t about 
t h e s o l u t i o n , b u t where they have y e t t o be f u l l y s t a t e d , 
where t h e knowledge base e x i s t s , b u t a d d i t i o n s c o n t i n u e t o 
be made. To e i t h e r s i d e o f t h i s are two areas which are 
i n a p p r o p r i a t e . E i t h e r i n s u f f i c i e n t i n f o r m a t i o n i s 
a v a i l a b l e o r t h e problem i s t o o vague, or e l s e t h e problem 
i s so w e l l d e f i n e d t h a t i t i s more convenient t o so l v e t h e 
problem w i t h a few l i n e s o f BASIC programming. I t i s not 
intended t o discuss e x p e r t systems here, b u t t h e y are d e a l t 
w i t h i n Chapter 5. 
1.8 AIMS 
The aim o f t h i s t h e s i s was t o develop a method f o r t h e 
d e t e r m i n a t i o n o f t h e a l k a l i n e e a r t h metal c a t i o n s i n 
concentrated b r i n e s (30% m/v sodium c h l o r i d e ) u s i n g 
c h e l a t i o n exchange p r e c o n c e n t r a t i o n and i o n exchange 
chromatography w i t h i n v e r s e p h o t o m e t r i c d e t e c t i o n . The 
p r e c o n c e n t r a t i o n techniques developed were subsequently 
a p p l i e d t o t h e d e t e r m i n a t i o n o f t h e a l k a l i n e e a r t h s and 
t r a n s i t i o n metals by FAAS, ICP-AES and ICP-MS. P i n a l l y a 
knowledge based users guide was w r i t t e n f o r use w i t h t h e 
io n chromatography system. 
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SEPARATION AND DETECTION 
2.1 INTRODUCTION 
The chromatography o f t h e a l k a l i n e e a r t h s and f i r s t row 
t r a n s i t i o n metals have a l r e a d y been r e p o r t e d ( 5 1 , 12). I t 
was necessary however, t o develop a chromatographic 
s e p a r a t i o n o f t h e metal ions o f i n t e r e s t t h a t was bo t h 
r a p i d , r o b u s t and d i d not r e q u i r e g r a d i e n t e l u t i o n , so 
m a i n t a i n i n g s i m p l i c i t y o f t h e system. A f u r t h e r requirement 
was t o achieve t h e s e p a r a t i o n i n a m a t r i x c o n t a i n i n g an 
excess o f sodium i o n s . The d e t e c t i o n system a l s o had t o be 
r e l i a b l e , r o b u s t , and f r e e from i n t e r f e r e n c e s from sodium 
ions. Photometric d e t e c t i o n was favoured as t h e d e t e c t i o n 
system, and an e x i s t i n g i n v e r s e p h o t o m e t r i c d e t e c t i o n 
system (31) was developed f u r t h e r f o r use as a u n i v e r s a l 
post-column d e t e c t i o n system. 
2.2 EXPERIMENTAL 
2.2.1 I n s t r u m e n t a t i o n 
The b a s i c i n s t r u m e n t a t i o n used d u r i n g t h e development o f 
the chromatography and d e t e c t i o n i s o u t l i n e d i n f i g u r e 2.1. 
The system comprises two HPLC pumps (Constametric I I I , 
L aboratory Data C o n t r o l , R i v i e r a Beach, FL. , USA) which 
were used f o r d e l i v e r y o f the mobile phase and post-column 
reagent, both were s e t t o 1 ml min"^ unless o t h e r w i s e 
s t a t e d . A 100 ^ 1 sample loop was connected across 2 p o r t s 
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of a 6 p o r t s w i t c h i n g v a l v e (Rheodyne, 7000 s e r i e s , 
Rheodyne, C o t a t i , CA, USA). The sample loop was f i l l e d v i a 
s u c t i o n from a 1 ml s y r i n g e , so a v o i d i n g p o s s i b l e 
contamination from t he s y r i n g e i t s e l f . The a n a l y t i c a l 
column was a high c a p a c i t y s t r o n g c a t i o n exchange r e s i n 
(Benson BC-XIO, Benson Company, Reno, Nevada, USA). The 
e l u t i n g metals were d e t e c t e d u s i n g a u v / v i s s p e c t r o m e t e r 
( S h o e f f e l s p e c t r o f l o w monitor, K r a t o s L t d . , Urmston, 
Manchester) s e t t o absorb a t 610 nm. Both t h e a n a l y t i c a l 
column and r e a c t i o n c o i l were maintained a t 60°C i n a water 
bath. R e s u l t s were c o l l e c t e d and p l o t t e d on a 
p l o t t e r / i n t e g r a t o r ( S p e c t r o p h y s i c s , Autolab D i v i s i o n , San 
Jose, C.A.). 
2.2.2 Reagents 
A l l r e a g e n t s were of a n a l y t i c a l grade u n l e s s s t a t e d 
o t h e r w i s e . D i s t i l l e d d e i o n i s e d water was o b t a i n e d from a 
m i l l i Q system ( M i l l i p o r e , Bedford, Ma, USA). The mobile 
phase and post-column reagent were v a r i e d throughout t h i s 
study and w i l l be d e s c r i b e d when a p p r o p r i a t e . Standards 
were prepared by s e r i a l d i l u t i o n from s t o c k s o l u t i o n s (BDH 
Chemicals L t d . , Poole, E n g l a n d ) . 
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2.3 RESULTS AND DISCUSSION 
I n i t i a l s t u d i e s focused on the a l k a l i n e e a r t h s , magnesium, 
ca l c i u m , s t r o n t i u m and barium. 
2.3.1 D e t e c t i o n System 
The d e t e c t i o n system used throughout t h i s s tudy i s based 
upon i n v e r s e photometry. T h i s i s a tec h n i q u e whereby t h e 
e f f l u e n t from t h e a n a l y t i c a l column i s mixed i n a ze r o dead 
volume 'T' p i e c e w i t h a post-column reagent, u s u a l l y a 
s t r o n g l y absorbing c h e l a t i n g dye. The p r i n c i p l e s of 
i n v e r s e photometry have been d e a l t w i t h i n s e c t i o n 1.4 
For t h i s study the c h e l a t i n g dye Calmagite ( f i g u r e 2.2) was 
chosen a s the post-column r e a g e n t . Calmagite i s an 
analogue of erichrome b l a c k T (EBT) which has long been 
used a s an i n d i c a t o r i n the c o l o r i m e t r i c d e t e r m i n a t i o n of 
magnesium and c a l c i u m ( 5 2 ) . Although metal c a t i o n s such a s 
magnesium, z i n c and c o b a l t complex d i r e c t l y w i t h c a l m a g i t e 
thus p r o v i d i n g a means of d e t e c t i o n , c a l c i u m , s t r o n t i u m and 
barium, however, do not. I n or d e r t o determine t h e s e 
metals a s o l u t i o n of magnesium ethylenediamine t e t r a - a c e t i c 
a c i d (MgEDTA) i s added t o the post-column r e a g e n t . When 
the e l u t i n g metal c a t i o n s mix w i t h t h e post-column reagent 
the f o l l o w i n g r e a c t i o n proceeds: 
M"+ + MgEDTA ~ Mg2+ + [MEDTA]'^"2+ 
where M'^'*' i s t h e e l u t i n g c a t i o n . 
The l i b e r a t e d magnesium i o n s then complex w i t h t h e 
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c a l m a g i t e so p r o v i d i n g a means of d e t e c t i o n f o r m e t a l s such 
as c a l c i u m . C l e a r l y any molar e x c e s s of EDTA p r e s e n t would 
negate any d e t e c t i o n , as the e l u t i n g c a t i o n s would s i m p l y 
complex w i t h the EDTA without l i b e r a t i n g any magnesium 
i o n s . C o n v e r s e l y , a l a r g e molar e x c e s s of magnesium w i l l 
l e a d t o an i n c r e a s e base l i n e a s t h i s magnesium w i l l lower 
the absorbance of the post-column r e a g e n t a t the absorbance 
maxima of the dye. However, f o r t h i s a p p l i c a t i o n i t i s 
p r e f e r a b l e t o have a s l i g h t molar e x c e s s of magnesium 
p r e s e n t i n the MgEDTA s o l u t i o n . T h i s p r o v i d e s a u n i v e r s a l 
d e t e c t i o n system f o r a l l the metals of i n t e r e s t . As o n l y 
one wavelength i s monitored no s c a n n i n g monochromators a r e 
r e q u i r e d and the system i s r e l a t i v e l y f r e e from 
i n t e r f e r e n c e s from an e x c e s s of sodium i o n s . 
2.3.2 Chromatography 
T r a d i t i o n a l ion-exchange chromatography i s not s u i t a b l e f o r 
the a n a l y s i s of h i g h l y s a l i n e samples due t o swamping of 
the exchange s i t e s on the column. To overcome t h e problems 
a s s o c i a t e d w i t h such a n a l y s i s , t e c h n i q u e s were developed t o 
e l i m i n a t e the m a t r i x (Chapter 3 ) . As i t i s l i k e l y t h a t not 
a l l the sodium i o n s from the m a t r i x w i l l be removed, a h i g h 
c a p a c i t y s t r o n g cation-exchange r e s i n (Benson BC-XIO) was 
chosen as the a n a l y t i c a l column which would p r o v i d e 
s e p a r a t i o n of the m e t a l s i n the p r e s e n c e of sodium i o n s . A 
s u i t a b l e mobile phase f o r such a column might be composed 
of e i t h e r a ' c o u n t e r - i on' such a s potassium s u l p h a t e , a 
c h e l a t i n g agent or both. I n i t i a l s t u d i e s focused upon 
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c h e l a t i n g a c i d s due t o t h e i r d i f f e r e n t s e l e c t i v i t i e s f o r 
d i f f e r e n t m e t a l s thus a l l o w i n g s e p a r a t i o n s i n t h e presence 
of the sodium c h l o r i d e m a t r i x . 
2.3.3 Chromatography o f the a l k a l i n e e a r t h s u s i n g t a r t a r i c 
a c i d 
Reagents: 
Mobile phase: 0.2 M t a r t a r i c a c i d pH a d j u s t e d t o 4.2 u s i n g 
ammonium hydroxide s o l u t i o n . 
Post-column reagent: 2-5 x lO^'^M Calmagite 2.5 x 10"^M. 
MgEDTA s o l u t i o n , prepared i n IM ammonia s o l u t i o n pH 12. 
Under t h e s e c o n d i t i o n s t h e order of e l u t i o n of t h e a l k a l i n e 
e a r t h s was Mg, Ca, S r , Ba. Us i n g t h i s mobile phase 
however, t he r e t e n t i o n time f o r barium was 63 minutes 
( F i g u r e 2 . 3 ) . T h i s i s too lengthy a s e p a r a t i o n f o r p r o c e s s 
monitoring and the de t e r m i n a t i o n of s t r o n t i u m and barium 
under t h e s e c o n d i t i o n s becomes d i f f i c u l t due t o broadening 
of the peaks. One way t o speed up the chromatography would 
be t o i n c r e a s e t h e c o n c e n t r a t i o n o f t h e mobile phase. 
However, a s t h e c o n c e n t r a t i o n of t h e mobile phase i s 
i n c r e a s e d , so the background n o i s e i n c r e a s e s due t o 
i m p u r i t i e s p r e s e n t i n the t a r t a r i c a c i d , and from t he p o i n t 
of view of p r o c e s s monitoring, reagent consumption would be 
high. An a l t e r n a t i v e approach i s t h e a d d i t i o n o f e i t h e r a 
counter i o n, o r a secondary c h e l a t i n g agent. 
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Ethylenediamine (ene) was chosen as a co u n t e r i o n . At pH 
4.2 ethylenediamine i s almost f u l l y protonated and so a c t s 
a s a competing i o n . By the a d d i t i o n o f 0.025M 
ethylene-diamine t o the mobile phase, a d j u s t i n g t h e pH t o 
4.2 a s before w i t h c o n c e n t r a t e d n i t r i c a c i d , t h e s e p a r a t i o n 
of t h e four metals was a c c e l e r a t e d , a l t hough some 
r e s o l u t i o n between the magnesium and c a l c i u m peaks was l o s t 
( F i g u r e 2 . 4 ) . The r e t e n t i o n time of barium was s t i l l too 
long f o r p r a c t i c a l use however- The e f f e c t of a d d i t i o n of 
MgEDTA and ethylenediamine t o the post-column r e a g e n t and 
mobile phase r e s p e c t i v e l y was s t u d i e d . 
The pH of the mobile phase and post-column r e a g e n t was pH 
9. At t h i s pH ethylenediamine i s an e f f e c t i v e c h e l a t i n g 
agent and competes f o r metal i o n s . Any metal i o n s which 
form c h e l a t e s w i t h ethylenediamine were s u b s e q u e n t l y not 
a v a i l a b l e f o r c h e l a t i o n w i t h c a l m a g i t e and so were not 
de t e c t e d . The e f f e c t was more pronounced w i t h i n c r e a s i n g 
c o n c e n t r a t i o n of ethylenediamine. 
As magnesium ethylenediamine t e t r a - a c e t i c a c i d i s added t o 
the post-column reagent, t h i s e f f e c t i s reduced. E l u t i n g 
i o n s c h e l a t e w i t h t h e EDTA so l i b e r a t i n g magnesixim which i s 
sxibsequently d e t e c t e d . F u r t h e r a d d i t i o n of MgEDTA t o the 
post-column reagent r e s u l t e d i n a d e c r e a s e i n s i g n a l as the 
background c o n c e n t r a t i o n of magnesium c o n t r i b u t e s t o the 
background n o i s e ( F i g u r e 2 . 5 ) . 
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Figure 2.5 E f f e c t of the a d d i t i o n o f MgEDTA t o t h e 
post-column r e a g e n t , and ethy l e n e d i a m i n e to 
the mobile phase, on the response o b t a i n e d f o r 
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2.3.4^ Chromatography of the a l k a l i n e e a r t h s , aluminium and 
z i n c w i t h l a c t i c a c i d 
Although the chromatography of t h e a l k a l i n e e a r t h s has been 
s t u d i e d , aluminium and z i n c a r e a l s o o f i n t e r e s t . I n o r d e r 
to o b t a i n any chromatography of aluminium on a c a t i o n 
exchange column the pH of t h e mobile phase must be below 
3.0 t o prevent formation of t h e h y d r o x i d e s ; A1(0H)2+, 
A1(0H)2'*" and Al(0H)3O. Formation of t h e s e h y d r o x i d e s l e a d s 
to d e t e r i o r a t i o n of the aluminium peak due t o t h e d i f f e r e n t 
charge i n each form. The t a r t a r i c a c i d was used a s a 
mobile phase a t pH 3.0 f o r the d e t e r m i n a t i o n of aluminium. 
Due t o the poor k i n e t i c s of l i g a n d exchange between 
aluminium and t a r t a r i c a c i d , however, t h e peak shape f o r 
aluminium was v e r y poor. The a d d i t i o n of e t h y l e n e d i a m i n e 
to t h e mobile phase caused e l u t i o n of aluminium on the 
s o l v e n t f r o n t . 
E v i d e n t l y t a r t a r i c a c i d i s not s u i t a b l e a s an e l u e n t f o r 
aluminium i n t h i s system. L a c t i c a c i d , although a weaker 
c h e l a t i n g a c i d than t a r t a r i c a c i d , does have more 
fa v o u r a b l e k i n e t i c s a s s o c i a t e d w i t h l i g a n d exchange. A 
mobile phase of l a c t i c a c i d (0.2M pH 2.8) gave improved 
peak shape f o r aluminium w i t h a r e t e n t i o n time of 3.5 min 
( F i g u r e 2 . 6 ) . Chromatography of the a l k a l i n e e a r t h s was 
a l s o r e q u i r e d i f t h i s was t o be a s u i t a b l e mobile phase. 
By a d d i t i o n of 0.05 M ethylenediamine t o the l a c t i c a c i d a t 
pH 2.8, a d j u s t e d w i t h c o n c e n t r a t e d n i t r i c a c i d , e x c e l l e n t 
chromatography was obtained f o r t h e f o u r a l k a l i n e e a r t h s 
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( F i g u r e 2 . 7 ) . On a d d i t i o n of eth y l e n e d i a m i n e t o t h e mobile 
phase, however, aluminium e l u t e d on t h e s o l v e n t f r o n t , so 
i n order t o s e p a r a t e a l l the met a l s , a s t e p g r a d i e n t was 
r e q u i r e d . 
The f o l l o w i n g s t e p g r a d i e n t was used t o e l u t e A l , Zn, Mg, 
Ca, S r and Ba. The column was c o n d i t i o n e d w i t h t h e f i r s t 
mobile phase o f 0.2 M l a c t i c a c i d a t pH 2.8, because a 
g r a d i e n t pump was not a v a i l a b l e a s t e p g r a d i e n t was used, 
whereby t h e mobile phase was changed a t the r e s e r v o i r of 
the mobile phase pump. The dead volume from the r e s e r v o i r 
t o t h e column i n the system was 10 ml. The g r a d i e n t was 
stepped from 0.2 M l a c t i c a c i d a t pH 2.8 t o 0.2 M l a c t i c 
a c i d and 0.05 M ethylenediamine a t pH 2.8, 3.5 min p r i o r t o 
i n j e c t i o n of the sample. T h i s a l l o w e d t h e A l and Zn t o be 
e l u t e d i n the f i r s t mobile phase f o l l o w e d by t h e a l k a l i n e 
e a r t h s i n the second mobile phase ( F i g u r e 2 . 8 ) . 
F o l l o w i n g t h e chromatography of the a l k a l i n e e a r t h s t h e 
column dead volume w i l l c o n t a i n e t h y l e n e d i a m i n e . U n l e s s 
the column i s washed f r e e of t h i s e t hylenediamine, t h e 
aluminium and z i n c p r e s e n t i n the f o l l o w i n g samples w i l l 
e l u t e on the s o l v e n t f r o n t . To overcome t h i s , t h e column 
was washed w i t h a f i v e ml a l i q u o t of O.IM potassium n i t r a t e 
f o l l o w i n g t h e e l u t i o n of barium ( t h e l a s t metal of 
i n t e r e s t ) from the column. I n t h i s way i t was p o s s i b l e t o 
se p a r a t e a l l t h e metals of i n t e r e s t . The s e p a r a t i o n was 
too l engthy and too complex f o r p r a c t i c a l use i n a p r o c e s s 
a n a l y s i s environment. To m a i n t a i n s i m p l i c i t y of the system 
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2.8 s t e p p e d to 0.2M l a c t i c a c i d , 0.05M 
e t h y l e n e d i a m i n e (pH 2.8) 3.5 min p r i o r t o 
i n j e c t i o n 
17 
— r -2o —r-30 lO 
42 
an i s o c r a t i c e l u t i o n i s p r e f e r r e d and i t was decided t o 
study t h e metals i n two groups. 
Aluminium and z i n c were s t u d i e d as one group and the 
a l k a l i n e e a r t h s a s the o t h e r . The mobile phase used i n a l l 
the preceding experiments f o r the a l k a l i n e e a r t h s was 0.2 M 
l a c t i c a c i d and 0.05 M ethylenediamine a t pH 2.8 and t h a t 
used f o r aluminium and z i n c was 0.2 M l a c t i c a c i d a t pH 
2.8, both pH a d j u s t e d u s i n g c o n c e n t r a t e d n i t r i c a c i d . 
2.3.5 System C a l i b r a t i o n and L i m i t of D e t e c t i o n 
For r o u t i n e o p e r a t i o n of any i n s t r u m e n t a t i o n , whether i t be 
f o r o n - l i n e p r o c e s s c o n t r o l or f o r use i n a l a b o r a t o r y 
environment, i t i s p r e f e r a b l e t h a t the c a l i b r a t i o n obtained 
i s l i n e a r over the c o n c e n t r a t i o n range of i n t e r e s t . 
The system was c a l i b r a t e d a g a i n s t m u l t i e l e m e n t aqueous 
stan d a r d s . A s t o c k s o l u t i o n of 1000 /xg ml"^ A l , Zn, Mg, 
Ca, S r and Ba was prepared by d i s s o l u t i o n of "Analar** 
s a l t s , A l 2 ( S 0 4 ) 3 , ZnS04, MgS04, CaCl2, S r C l 2 and B a C l 2 i n 
d i s t i l l e d d e i o n i s e d water. A range of multielement 
standards were prepared by s e r i a l d i l u t i o n o f the s t o c k 
s o l u t i o n f o r c a l i b r a t i o n purposes. The c a l i b r a t i o n s 
( F i g u r e s 2.9 - 2.14) were obtained by i n j e c t i n g lOO/il of 
each s t a n d a r d i n t r i p l i c a t e . 
The upper l i m i t of the l i n e a r range i s determined by the 
c o n c e n t r a t i o n of the post-column r e a g e n t . Once the metal 
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F i g u r e 2.10 C a l i b r a t i o n curve obtained f o r z i n c . E l u e n t 
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Figure 2.11 C a l i b r a t i o n c u r v e obtained f o r magnesium. 
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F i g u r e 2.12 C a l i b r a t i o n c u r v e obtained f o r c a l c i u m . 
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F i g u r e 2.13 C a l i b r a t i o n curve obtained f o r s t r o n t i u m . 
E l u e n t 0.2M l a c t i c a c i d , 0-05M ethy l e n e d i a m i n e 
(pH 2.8) 
600 r 
C o r r e l a t i o n c o e f f i c i e n t = 0.9995 
Slope = 1 1 . 1 7 
Y I n t e r c e p t = 18.06 
10 20 30 40 
ELEKENTAL CONCEHTRATION (ug/il) 
50 60 
48 
F i g u r e 2,14 C a l i b r a t i o n curve obtained f o r barium. E l u e n t 
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c o n c e n t r a t i o n i n the maxima o f t h e e l u t i o n band exceeds t h e 
c o n c e n t r a t i o n of the MgEDTA - c a l m a g i t e system, no f u r t h e r 
i n c r e a s e i n response w i l l be obtained. I n t h e system used, 
the c o n c e n t r a t i o n of both t h e c a l m a g i t e and t h e MgEDTA was 
2.5 X lO'^^M. T h e r e f o r e , t h e o r e t i c a l l y , t h e c a l i b r a t i o n 
should be l i n e a r up t o a maximum c o n c e n t r a t i o n of 2.5 x 
10"^M f o r each of the met a l s . T h i s equates t o 6.75 /ig ml"-*-
A l , 3.8 ml"^ Zn, 10 ^ g ml~^ Mg, 6.25 ^ g ml~^ Ca, 3 
ml"^ S r , 2 Mg ml"^ Ba. These c o n c e n t r a t i o n s r e f e r t o t h e 
o 
maxima c o n c e n t r a t i o n i n the post-column reagent a t any one 
p o i n t . As the metals a r e e l u t i n g i n up t o s e v e r a l 
m i l l i t r e s of e l u e n t , and t h e post-column r e a g e n t i s 
c o n t i n u a l l y being r e p l e n i s h e d , t h e s e c o n c e n t r a t i o n s a r e 
only a rough guide. The d e t e c t i o n system i s dependent upon 
the r a t e and degree of c h e l a t i o n between EDTA and the metal 
i o n s . These c o n c e n t r a t i o n s a r e only a rough guide. 
The lower l i m i t of the l i n e a r range, and t h e l i m i t of 
d e t e c t i o n i s dependent upon the s e n s i t i v i t y of t h e 
spectrometer used and the s e l e c t i v i t y c o n s t a n t s f o r t h e 
exchange r e a c t i o n between the EDTA and the e l u t i n g m e t a l s . 
The d e t e c t i o n l i m i t s f o r t h e met a l s s t u d i e d , based upon a 
lOO/il i n j e c t i o n volume a r e l i s t e d i n t a b l e 2.1. 
Although t h e d e t e c t i o n system i s n e i t h e r p a r t i c u l a r l y 
s e n s i t i v e , nor has a wide l i n e a r range, t h i s was not f e l t 
t o be a problem f o r the intended a p p l i c a t i o n . The metal 
ion c o n c e n t r a t i o n i n the feed b r i n e s i s always w i t h i n a 
t i g h t range under normal o p e r a t i n g c o n d i t i o n s (0 - 50ng 
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DETECTION LIMITS ACHIEVED FOR THE METALS OF INTEREST BASED 
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m l " ^ ) . F o l l o w i n g a s u i t a b l e p r e c o n c e n t r a t i o n s t e p t h i s 
c o n c e n t r a t i o n may be i n c r e a s e d t o the 0 - 50 ^g ml"^ l e v e l . 
I f t h e metal c o n c e n t r a t i o n d i d r i s e , t h e upper working 
l i m i t of t h e system would not be exceeded a s t h e p r o c e s s 
would r e q u i r e c o r r e c t i v e a c t i o n b e f o r e t h e c o n c e n t r a t i o n 
e v e r became t h a t high. Thus t he d e t e c t i o n system i s i d e a l 
f o r t h e a p p l i c a t i o n i n t h a t i t has mu l t i e l e m e n t c a p a b i l i t y , 
i t i s s i m p l e and robust, and i s f r e e from i n t e r f e r e n c e s 
from the m a t r i x . 
2.4 CONCLUSIONS 
By u s i n g a mobile phase of l a c t i c a c i d i t was p o s s i b l e t o 
s e p a r a t e A l , Zn, Mg, Ca, S r and Ba w i t h d e t e c t i o n based on 
i n v e r s e photometry u s i n g c a l m a g i t e - MgEDTA post-column 
reagent. I n order t o e l u t e t h e a l k a l i n e e a r t h metal i o n s 
i n a r e a l i s t i c time, t he a d d i t i o n of a competing i o n t o t h e 
mobile phase was n e c e s s a r y , namely eth y l e n e d i a m i n e . I n 
c o n t r a s t , a d d i t i o n of ethylenediamine caused aluminium and 
z i n c t o e l u t e on the s o l v e n t f r o n t . T h i s was overcome by 
the use of a g r a d i e n t system. As an i s o c r a t i c e l u t i o n i s 
p r e f e r r e d , however, f o r a p r o c e s s monitor, t h e metals" were 
d i v i d e d i n t o two groups f o r t h e r e s t of the experiments 
d e f i n e d by t h e i r chromatography, namely aluminium and z i n c 
as one group and the a l k a l i n e e a r t h s a s t h e o t h e r group. 
L i n e a r and workable c a l i b r a t i o n s were o b t a i n e d f o r a l l t h e 
metals of i n t e r e s t w i t h i n t h e c o n c e n t r a t i o n range of 
i n t e r e s t . 
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CHAPTER 3 
PRECONCENTRATIOM/MATRIX ELIMINATION TECHNIQUES 
3.1 INTRODUCTION 
T r a d i t i o n a l cation-exchange technicjues a r e u n s u i t a b l e f o r 
th e d e t e r m i n a t i o n o f t r a c e - m e t a l s i n a c o n c e n t r a t e d sodium 
c h l o r i d e m a t r i x due t o the e x c e s s of sodium i o n s s a t u r a t i n g 
the exchange s i t e s on the column, i t i s t h e r e f o r e n e c e s s a r y 
t o remove the sodium c h l o r i d e m a t r i x p r i o r t o any 
chromatography. I n a d d i t i o n t h e d e t e c t i o n l i m i t s of the 
post-column r e a c t i o n system (2.3.5) f o r the met a l s of 
i n t e r e s t a r e a t the low ^q ml"^ l e v e l , i f t r a c e metal 
l e v e l s a t the low ng ml~^ l e v e l a r e t o be determined, some 
form of p r e c o n c e n t r a t i o n i s a l s o r e q u i r e d . I t would seem 
prudent t h e r e f o r e , t o combine t h e s e two o b j e c t i v e s and 
develop a simultaneous p r e c o n c e n t r a t i o n and m a t r i x 
e l i m i n a t i o n s t e p p r i o r to a n a l y s i s by c o n v e n t i o n a l i o n 
chromatography. As the system i s intended f o r automated, 
on l i n e a n a l y s i s , t h e p r e c o n c e n t r a t i o n / m a t r i x e l i m i n a t i o n 
column w i l l need t o be compatible w i t h c o n v e n t i o n a l i o n 
exchange chromatography ( I C ) , i n terms of both re a g e n t s 
used (mobile phase) and i n s t r u m e n t a t i o n ( f l o w r a t e s and 
back p r e s s u r e s ) . T h e r e f o r e a precolumn, p r i o r t o the 
a n a l y t i c a l column, which o f f e r s a f a r g r e a t e r s e l e c t i v i t y 
f o r t h e c a t i o n s of i n t e r e s t (the a l k a l i n e e a r t h s ) over t h e 
i o n s c o n s t i t u t i n g the m a t r i x (sodium) i s r e q u i r e d . A 
c h e l a t i n g , i o n exchange column, would appear t o be an i d e a l 
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c h o i c e f o r such a precolumn, although s e v e r a l c r i t e r i a 
s e v e r e l y l i m i t t h e c h o i c e of c h e l a t i n g agent which may be 
used. F i r s t l y , a s has a l r e a d y been mentioned, t h e 
precolumn must be compatible w i t h r e a g e n t s used i n 
c o n v e n t i o n a l I C . The chromatography which has been 
developed f o r the a l k a l i n e e a r t h s , aluminixim and z i n c 
(2.3.4) was based upon a c h e l a t i n g mobile phase, namely 
l a c t i c a c i d . I t i s the weakly c h e l a t i n g n a t u r e of t h e 
l a c t i c a c i d which o f f e r s t he s e p a r a t i o n o f t h e metals of 
i n t e r e s t . I t i s important t h e r e f o r e t h a t the c h e l a t i n g 
agent used i n the precolumn does not have a g r e a t e r 
a f f i n i t y f o r the metals than the l a c t i c a c i d , or e l s e t h e 
metals r e t a i n e d on the precolumn w i l l not be e l a t e d by t h e 
mobile phase. Thus the c h e l a t i n g agent chosen must have a 
lower a f f i n i t y f o r the m e t a l s a t the pH of t h e mobile phase 
(pH 2.8) i n order f o r e l u t i o n t o occur i n as s m a l l a volume 
as p o s s i b l e . However, i n o r d e r t o r e t a i n t he m e t a l s 
i n i t i a l l y from the sodium c h l o r i d e m a t r i x , the c h e l a t i n g 
agent must have a high a f f i n i t y f o r t h e s e m e t a l s a t the pH 
of the sample (pH 11) . The h i g h e r the a f f i n i t y , t h e h i g h e r 
the r e c o v e r y . The c h e l a t i n g agent must a l s o have a h i g h 
s e l e c t i v i t y f o r the a l k a l i n e e a r t h s , aluminium and z i n c 
over o t h e r competing i o n s such as t r a n s i t i o n m e t a l i o n s , 
which may a l s o be p r e s e n t i n the sample. 
Secondly, the r e s i n backbone, upon which t h e c h e l a t i n g 
agent i s supported must a l s o be compatible t o the I C 
system. As mentioned above, the pH of t h e mobile phase and 
b r i n e sample d i f f e r g r e a t l y . The r e s i n backbone must be 
56 
s t a b l e a c r o s s t h i s pH range. I t must a l s o be s t a b l e t o 
t y p i c a l back p r e s s u r e s e x p e r i e n c e d i n I C (apprpx. 2000 p s i ) 
and have a s u i t a b l e p a r t i c l e s i z e t o minimise dead volume 
i n the system. With t h e s e c o n s t r a i n t s i n mind, ' s t r o n g ' 
c h e l a t i n g agents such as 8-hydroxyquinoline (8-HQ) a r e not 
r e a l l y s u i t a b l e f o r t h i s a p p l i c a t i o n owing t o "the need t o 
e l u t e the r e t a i n e d metals from t h e column w i t h a l a c t i c 
a c i d mobile phase. Thus s t u d i e s focused upon the more 
'weakly' c h e l a t i n g agents such a s i m i n o d i a c e t i c a c i d (IDA) 
and s a l i c y l i c a c i d . Three d i f f e r e n t p r e c o n c e n t r a t i o n 
columns were s t u d i e d , f i r s t l y t he commercially a v a i l a b l e 
c h e l a t i n g r e s i n Chelex 100. Secondly, two c h e l a t i n g 
exchange r e s i n s were prepared i n t h e s e l a b o r a t o r i e s u s i n g 
column c o a t i n g t e c h n i q u e s employing the c h e l a t i n g dyes 
chrome a z u r o l S (CAS) and x y l e n o l orange (XO). 
3.2 INSTRUMENTATION AND REAGENTS 
3 • 2 • 1 I n s t n u a e n t a t i o n 
Throughout the study, the i n s t r u m e n t a t i o n remained 
i d e n t i c a l f o r each of the t h r e e columns and i s shown 
s c h e m a t i c a l l y i n .figure 3.1. 
The i n s t r u m e n t a t i o n i s e s s e n t i a l l y the same a s t h a t 
d e s c r i b e d i n s e c t i o n 2.2.1. However, t h e r e a r e now two 
s w i t c h i n g v a l v e s f o r the d i r e c t i o n a l flow of t h e s o l v e n t s 
used. F i r s t l y t h e r e i s t h e Rheodyne v a l v e d e s c r i b e d i n 
s e c t i o n 2.2.1 f o r the d i r e c t i n t r o d u c t i o n o f aqueous 
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standards v i a t h e 100 IMI sample loop. The p r e c o h c e n t r a t i o n 
column i s connected a c r o s s a second, t i t a n i u m s w i t c h i n g 
v a l v e ( V a l c o , VICE, V a l c o Europe, CH-6214, S c h e n t i o n , 
S w i t z e r l a n d ) . The t i t a n i u m p r e c o n c e n t r a t i o n column (100 mm 
X 42 mm i d ) was connected such t h a t r e t a i n e d m e t a l s would 
be b a c k - f l u s h e d o f f the column by the mobile phase t h e r e b y 
reducing band-broadening. A PTFE-1ined, t w i n p i s t o n 
r e c i p r o c a t i n g pump (E l d e x AA-94-SF-2, E l d e x L a b o r a t o r i e s , 
Menlo Park, C a l i f o r n i a ) was used t o d e l i v e r b r i n e samples 
to the precolumn. A l l s u r f a c e s which came i n t o c o n t a c t 
w i t h t h e b r i n e samples were e i t h e r PTFE, PTFE-1ined o r 
t i t a n i u m . The precolumn was maintained a t 60^C throughout 
the study u n l e s s o t h e r w i s e s t a t e d , i n or d e r t o overcome 
slow i o n exchange k i n e t i c s f o r some of the m e t a l s . The 
remainder of the i n s t r u m e n t a t i o n i s a s d e s c r i b e d i n s e c t i o n 
2.2.1. 
3.2.2 Reagents 
The mobile phase and post-column reagent used d u r i n g t h e 
study a r e d e s c r i b e d i n s e c t i o n 2.4. A d d i t i o n a l r e a g e n t s 
w i l l be d e s c r i b e d where a p p r o p r i a t e . 
3.3 PRECONCENTRATION PROCEDURE 
Ten ml a l i q u o t s of s p i k e d o r unspiked b r i n e were 
pr e c o n c e n t r a t e d onto t h e precolumn v i a t h e E l d e x pump, s e t 
to d e l i v e r a t 2.5 ml min"^. The r e t a i n e d m e t a l s were then 
b a c k - f l u s h e d t o the a n a l y t i c a l column, s e p a r a t e d and 
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subsequently d e t e c t e d a s i n s e c t i o n 2.3.1. However, i t was 
found t h a t f o l l o w i n g t h i s procedure, t h e e l u t i o n of sodium 
i o n s from t h e precolumn dead volume and c o n n e c t i n g t u b i n g 
was s u f f i c i e n t t o d i s t u r b the chromatography and so a wash 
s t e p was i n t r o d u c e d p r i o r t o t h e r e t a i n e d m e t a l s being 
b a c k - f l u s h e d t o the a n a l y t i c a l column. During t h e wash s t e p 
a 5 ml a l i q u o t o f d i l u t e sodium hydroxide (2.5 x 10"^M) was 
pumped through t h e pre-column v i a t h e E l d e x pump (2.5 ml 
min~^) i n order t o wash f r e e t h e r e s i d u a l sodium c h l o r i d e 
from t he column dead-volume and c o n n e c t i n g t u b i n g . T h i s 
p r e c o n c e n t r a t i o n procedure was used throughout the study 
u n l e s s o t h e r w i s e s t a t e d . 
3 . 4 CHELEX 100 AS A PRECONCENTRATION MATRIX ELIMINATION 
COLUMN 
3•4•1 I n t r o d u c t i o n 
The b a s i c p r o p e r t i e s of Chelex 100, a c h e l a t i n g exchange 
r e s i n w i t h IDA f u n c t i o n a l groups, have been w e l l documented 
(53-55). According t o the manufacturer ( 5 6 ) , t h e 
s e l e c t i v i t y ^ o f t h e r e s i n i s i n t h e o r d e r Cu > Ni > Pb > Zn 
> Co > Cd > Mn » Ca > Mg » Na. Although the r e s i n has a 
g r e a t e r s e l e c t i v i t y f o r the t r a n s i t i o n m e t a l s over the 
a l k a l i n e e a r t h s , t h i s does not p r e s e n t a major problem. 
F i r s t l y t h e oc c u r r e n c e of t r a n s i t i o n m e t a l s i n the feed 
b r i n e s i n q u e s t i o n i s low, and secondly, by s u i t a b l e 
adjustment of the sample pH, the degree of c h e l a t i o n f o r 
the a l k a l i n e e a r t h s can be i n c r e a s e d . V a r i o u s workers have 
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s t u d i e d t h e e f f e c t o f pH upon t h e u p t a k e o f m e t a l s by 
c h e l e x 100 (36, 3 7 ) . Most a p p l i c a t i o n s u s i n g Chelex 100 as 
a p r e c o n c e n t r a t i o n column, i n v o l v e e x t r a c t i o n o f t r a n s i t i o n 
m e t a l s f r o m s e a - w a t e r , d u r i n g w h i c h magnesium and c a l c i u m 
( i n t h i s case t h e m a t r i x i o n s ) pass t h r o u g h t h e column and 
a r e removed. I n t h i s a p p l i c a t i o n i t i s t h e Ng and Ca w h i c h 
a r e o f i n t e r e s t and t h e t r a n s i t i o n m e t a l s w h i c h a r e t o be 
removed. 
3.4.2 P r e p a r a t i o n of the Chelex 100 column 
Chelex 100 (BDH Chemicals, P o o l e , D o r s e t , England) was 
weighed o u t (5 g) and s l u r r i e d i n 50 ml o f 0.2 M l a c t i c 
a c i d pH a d j u s t e d t o 2.8 u s i n g c o n c e n t r a t e d n i t r i c a c i d ( t h e 
m o b i l e phase t o be u s e d ) . T h i s s l u r r y was s u b s e q u e n t l y 
hand-packed i n t o a 100 mm x 4.2 mm i d t i t a n i u m column, and 
t h e column was c o n n e c t e d a c r o s s t h e t i t a n i u m s w i t c h i n g 
v a l v e as shown i n f i g u r e 3.1. 
The column was t h e n c o n d i t i o n e d by a l t e r n a t e w a s h i n g s o f 
t h e m o b i l e phase, and 1 M sodium c h l o r i d e s o l u t i o n . 
3.5 RESULTS AND DISCUSSION 
3.5.1 E f f e c t Of washing the p r e c o n c e n t r a t i o n column upon 
r e s i d u a l sodium c o n c e n t r a t i o n 
I n o r d e r t o remove t h e r e s i d u a l sodium c o n c e n t r a t i o n t o a 
l e v e l c o m p a t i b l e w i t h I C , t h e p r e c o l u m n had t o be washed 
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f o l l o w i n g t h e p r e c o n c e n t r a t i o n s t e p . I n o r d e r t o d e t e r m i n e 
t h e e f f e c t i v e n e s s o f t h i s s t e p t h e o u t l e t o f t h e p r e c o l u m n 
was c o n n e c t e d t o t h e n e b u l i s e r u p t a k e t u b e o f a f l a m e 
a t o m i c a b s o r p t i o n s p e c t r o m e t e r ( P e r k i n Elmer Model 4 0 0 0 ) . 
Due t o t h e l a r g e c o n c e n t r a t i o n o f sodium t o be m o n i t o r e d , 
t h e s e n s i t i v i t y o f t h e a t o m i c a b s o r p t i o n s p e c t r o m e t e r was 
r e d u c e d . F i r s t l y t h e l e s s s e n s i t i v e 303.3 nm l i n e was 
s e l e c t e d f o r sodium, and t h e b u r n e r head was r o t a t e d 
t h r o u g h 45° t o o f f e r a s h o r t e r p a t h l e n g t h - The t y p e o f 
b u r n e r b e i n g used d i d n o t p e r m i t r o t a t i o n o f t h e head 
t h r o u g h a f u l l 90° w h i c h w o u l d have been p r e f e r r e d . 
B r i n e samples were p r e c o n c e n t r a t e d i n t h e n o r m a l f a s h i o n . 
The column was t h e n washed w i t h v a r i o u s volumes o f d i l u t e 
(2.5 X 10~^M) sodium h y d r o x i d e s o l u t i o n . The column was 
t h e n b a c k - f l u s h e d w i t h t h e m o b i l e phase d i r e c t l y i n t o t h e 
f l a m e A.A. v i a a d i s c r e t e s a m p l e r , ( F i g u r e 3 . 2 ) , w h i c h 
a l l o w e d t h e f l o w r a t e o f t h e m o b i l e phase t o be matched t o 
t h e u p t a k e r a t e o f t h e n e b u l i s e r f l o w r a t e , and t h e sodium 
e m i s s i o n was m o n i t o r e d a t 303.3 nm. I n t h i s way, t h e 
r e s i d u a l c o n c e n t r a t i o n w i t h r e s p e c t t o wash volume c o u l d be 
c a l c u l a t e d and i s p l o t t e d i n f i g u r e 3.3. I t can be seen 
t h a t a f t e r a 5 ml wash volume, t h e r e s i d u a l sodium 
c o n c e n t r a t i o n i s below 0.3% m/v. A t t h i s l e v e l , i t i s 
s t i l l p o s s i b l e t o o b t a i n c h r o m a t o g r a p h y o f t h e a l k a l i n e 
e a r t h m e t a l s when u s i n g a h i g h c a p a c i t y a n a l y t i c a l exchange 
column. W i t h i n c r e a s i n g wash volume, t h e r e s i d u a l sodium 
c o n c e n t r a t i o n was n o t f u r t h e r r e d u c e d s i g n i f i c a n t l y . T h i s 
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F i g u r e 3.2 D i s c r e t e s a m p l e r used t o i n t e r f a c e t h e o u t l e t 
o f t h e p r e c o n c e n t r a t i o n column t o t h e 








F i g u r e 3.3 R e s i d u a l sodium c o n c e n t r a t i o n w i t h r e s p e c t t o 
wash volume 
NASH VOLUME (B1) 
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was due t o t h e r e s i n h a v i n g been c o n v e r t e d t o t h e s o d i i i m 
f o r m d u r i n g t h e p r e c o n c e n t r a t i o n p r o c e d u r e . When t h e 
l a c t i c a c i d was passed t h r o u g h t h e column, t h e r e s i n was 
c o n v e r t e d back t o t h e hydrogen f o r m a g a i n , so r e l e a s i n g t h e 
sodium i o n s . I t i s n o t p o s s i b l e t o remove t h i s r e s i d u a l 
l e v e l o f sodium by t h e wash s t e p o f d i l u t e sodium 
h y d r o x i d e . Nor i s t h i s r e s i d u a l sodium c o n c e n t r a t i o n 
s o l e l y a r e s u l t o f t h e wash s t e p , as t h e sodium h y d r o x i d e 
c o n c e n t r a t i o n i s 2.5 x 10 M (0.001%) as compared t o t h e 
ob s e r v e d 0.3 M r e s i d u a l sodium c o n c e n t r a t i o n . 
3.5.2 E f f e c t of Sample pH upon Recovery f o r Chel e x 100 
Column 
W i t h t h e HPLC system s e t up as i n f i g u r e 3 . 1 , i n i t i a l 
s t u d i e s c e n t e r e d upon magnesium. Owing t o t h e pH 
dependence f o r t h e u p t a k e o f m e t a l s f r o m s o l u t i o n o n t o t h e 
Chelex r e s i n , a range o f sample pH's were i n v e s t i g a t e d t o 
o b t a i n an optimum f o r magnesium r e c o v e r y . 
M o l a r sodium c h l o r i d e samples (50 ml) were s p i k e d w i t h t h e 
a p p r o p r i a t e volume o f magnesium s t a n d a r d t o y i e l d a f i n a l 
magnesium c o n c e n t r a t i o n o f 50 ng m l ~ ^ . The pH o f t h e b r i n e 
samples was t h e n a d j u s t e d i n t h e r a n g e 4 - 11 u s i n g 
c o n c e n t r a t e d n i t r i c a c i d . Ten ml a l i q u o t s o f t h e s e b r i n e 
samples were s u b s e q u e n t l y l o a d e d o n t o t h e column as 
d e s c r i b e d i n s e c t i o n 3.3. F o l l o w i n g t h e c h r o m a t o g r a p h y and 
d e t e c t i o n , t h e peak a r e a s f o r magnesium were r e c o r d e d . A 
p l o t o f magnesium s i g n a l a g a i n s t sample pH i s shown i n 
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f i g u r e 3.4. As e x p e c t e d , t h e r e c o v e r y and hence s i g n a l 
i n c r e a s e d as t h e sample pH i n c r e a s e d , due t o t h e i o n i s a t i o n 
o f b o t h g r o u p s o f t h e i m i n o d i a c e t i c a c i d . As t h e pH was 
i n c r e a s e d s t i l l f u r t h e r , so some f o r m a t i o n o f magnesium 
h y d r o x i d e o c c u r r e d , so p r e v e n t i n g c h e l a t i o n w i t h t h e IDA 
g r o u p s . However, a more d e t a i l e d s t u d y o f Chelex 100 r e s i n 
was n o t p o s s i b l e . 
I t i s known t h a t Chelex 100 undergoes a d r a s t i c change i n 
volume f r o m t h e NH4"*' f o r m t h e H"*" f o r m ( 5 7 ) , w h i c h l e d 
S t u r g e o n e t a l . (58) t o abandon a s i m i l a r column t e c h n i q u e . 
When t h e r e s i n was exposed t o a pH r a n g e f r o m pH 2.8 ( t h a t 
o f t h e m o b i l e phase) t o pH 11 ( t h a t o f t h e b r i n e ) i t i s n o t 
s u r p r i s i n g t h a t some s w e l l i n g o f t h e r e s i n t o o k p l a c e . As 
t h e r e s i n was e n c l o s e d w i t h i n a column t h i s i n c r e a s e i n 
volume o f t h e r e s i n caused an i n c r e a s e i n b a c k - p r e s s u r e 
(>2500 p s i ) . As Chelex 100 i s n o t s t a b l e t o such h i g h 
p r e s s u r e s , t h e r e s i n c o l l a p s e d and formed a ' g l a s s y p l u g ' 
i n t h e c e n t r e o f t h e column r e n d e r i n g i t u s e l e s s . I t has 
been r e p o r t e d by F i g u r a (59) t h a t t h e c a l c i u m f o r m o f t h e 
r e s i n does n o t undergo such a change i n volume as t h e 
sodium f o r m . However, t h i s i s o f l i t t l e use when t h e 
m a t r i x i s composed o f sodium i o n s . T h i s l e d t o Chelex 100 
b e i n g c o n s i d e r e d u n s u i t a b l e f o r o u r a p p l i c a t i o n s , and so 
f u r t h e r s t u d i e s on t h e r e s i n were abandoned. 
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F i g u r e 3.4 R e l a t i o n s h i p between sample pH and magnesium 





3.6 THE USE OF COATED COLUMNS FOR FRECONCENTRATION MATRIX 
ELIMINATION 
3.6.1 I n t r o d u c t i o n 
R e c e n t l y t h e r e has been g r o w i n g i n t e r e s t i n t h e use o f 
c o a t e d columns f o r i o n exchange c h r o m a t o g r a p h y . Most o f 
t h e s e s t u d i e s i n v o l v e c o a t i n g a c h e l a t i n g a g e n t on e i t h e r a 
n e u t r a l c a t i o n o r a n i o n exchange HPLC g r a d e r e s i n . The 
r e a s o n i n g b e h i n d such a c t i v i t y i s s i m p l e . The s e l e c t i v i t y 
o f c h e l a t i n g exchangers i s o f t e n s u p e r i o r t o t h a t o f 
c o n v e n t i o n a l i o n exchange, however, due t o t h e c o m p l e x i t y 
n o r m a l l y a s s o c i a t e d w i t h t h e i r s y n t h e s i s , t h e i r w i d e s p r e a d 
use has, t o some e x t e n t , been l i m i t e d . Because o f t h e l a c k 
o f any s u i t a b l e c o m m e r c i a l l y a v a i l a b l e r e s i n s , c o a t e d 
column t e c h n i q u e s appeared t o h o l d g r e a t p o t e n t i a l f o r t h e 
p r e s e n t a p p l i c a t i o n . The m o d i f i c a t i o n o f s t a t i o n a r y phases 
by c o a t i n g them w i t h s p e c i f i c compounds i s a w e l l known 
t e c h n i q u e i n i o n ch r o m a t o g r a p h y , a l t h o u g h t h i s m a i n l y 
i n v o l v e s t h e f o r m a t i o n o f dynamic i o n exchange c o a t i n g s 
u s i n g q u a t e r n a r y ammonium o r a l k y l s u l p h o n a t e based 
compounds ( 6 0 ) . 
Chro m a t o g r a p h i c s e p a r a t i o n s have been a c h i e v e d u s i n g HPLC 
grade r e s i n s c o a t e d w i t h c h e l a t i n g dyes ( 6 0 ) . Kemula and 
B r a j t e r (61-63) B r a j t e r e t a l . ( 6 4 - 6 7 ) , have made e x t e n s i v e 
s t u d i e s o f c h e l a t e - f o r m i n g r e s i n s p r e p a r e d b y m o d i f i c a t i o n 
o f common a n i o n exchange r e s i n s w i t h s u l p h o n a t e d a r o m a t i c 
compounds. These s t u d i e s , however, have i n v o l v e d f i r s t row 
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t r a n s i t i o n m e t a l s , some p r e c i o u s m e t a l s and a l u m i n i u m . None 
have r e p o r t e d t h e use o f such columns f o r t h e r e t e n t i o n o f 
t h e a l k a l i n e e a r t h s . A w i d e r a n g e o f s u c h s u l p h o n a t e d 
a r o m a t i c compounds e x i s t , and many have been s t u d i e d i n 
d e p t h . I t was n o t w i t h i n t h e scope o f t h i s p r o j e c t t o 
assess t h e s u i t a b i l i t y o f a l l o f t h e s e compounds f o r t h e 
r e t e n t i o n o f t h e a l k a l i n e e a r t h s f r o m s a t u r a t e d b r i n e s , 
i n s t e a d two such compounds were s t u d i e d . F i r s t l y Chrome 
A z u r a l S (CAS) and s e c o n d l y X y l e n o l Orange (XO), each o f 
w h i c h were i m m o b i l i s e d o n t o a r a n g e o f r e s i n backbones. 
3.6.2 Chrome Az u r o l S (CAS) 
The c h e l a t i n g dye Chrome A z u r o l S ( f i g u r e 3.5) has been 
p r e v i o u s l y c o a t e d o n t o HPLC g r a d e r e s i n s and u sed f o r t h e 
p r e c o n c e n t r a t i o n and s e p a r a t i o n o f A l , Cu, Mg, Mn and Zn, 
and a l s o t h e s e p a r a t i o n o f A l , I n and Ga ( 6 0 ) . 
The c h e l a t i n g g r o u p o f t h e dye i s e s s e n t i a l l y an a n a l o g u e 
o f s a l i c y l i c a c i d . I t i s a weaker c h e l a t i n g g r o u p t h a n 
t h a t of 8 - h y d r o x y q u i n o l i n e and a l s o t h a t o f IDA. I t i s 
a l s o known t o be s t a b l e a c r o s s a w i d e pH r a n g e b e i n g 
r e s i s t a n t t o o x i d a t i o n . I n s t u d i e s c a r r i e d o u t by Jones 
and Scfavedt (60) Cu, Mg, Mn and Zn were p r e c o n c e n t r a t e d 
o n t o a CAS l o a d e d column a t pH 8.7 f r o m a 1 M p o t a s s i u m 
n i t r a t e s o l u t i o n p r i o r t o e l u t i o n w i t h l a c t i c a c i d . 
F o l l o w i n g t h e s e r e s u l t s , CAS was c o n s i d e r e d a s u i t a b l e dye 
f o r t h e p r e s e n t s t u d i e s . 
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3.6.2.1 C o a t i n g Procedure f o r Chrome A z u r o l S 
A s i m i l a r c o a t i n g p r o c e d u r e t o t h a t o f Jones and Schwedt 
was used. Three hundred m i l l i g r a m s o f CAS (Kodak) was 
d i s s o l v e d i n 50 ml o f 20% v / v m e t h a n o l w a t e r s o l u t i o n , 
a c i d i f i e d w i t h a 1ml a l i q u o t o f m o l a r a c e t i c a c i d . T h i s 
s o l u t i o n was t h e n pumped t h r o u g h a 100 mm x 4.2 mm i d 
t i t a n i u m column packed w i t h a n e u t r a l HPLC g r a d e r e s i n 
(PLRPS) a t 1 ml min~^, n o t i n g v i s u a l l y when b r e a k t h r o u g h 
was o b s e r v e d . F o l l o w i n g b r e a k t h r o u g h a f u r t h e r 10 ml o f t h e 
CAS s o l u t i o n was passed t h r o u g h t h e column. The column was 
s u b s e q u e n t l y f l u s h e d f o r 30 mins w i t h a 0.1 M a c e t i c a c i d 
s o l u t i o n o f pH 3.0. A f u r t h e r 50 ml o f 0.1 M a c e t i c a c i d 
pH 5.7 ( a d j u s t e d u s i n g p o t a s s i u m h y d r o x i d e ) was passed 
t h r o u g h t h e column, n o t i n g any b l e e d i n g o f t h e dye f r o m t h e 
column. F o l l o w i n g t h i s p r o c e d u r e a t o t a l l o a d i n g o f 30 mg 
CAS was o b t a i n e d (10 mg/g r e s i n ) . The column was t h e n 
c o n d i t i o n e d u s i n g a l t e r n a t e w a s h i n g s o f a 1.0 M sodium 
c h l o r i d e s o l u t i o n , and t h e m o b i l e phase o f l a c t i c a c i d . 
The r e s i n beads s w e l l and c o n t r a c t s l i g h t l y as t h e y a r e 
exposed t o h i g h and low i o n i c s t r e n g t h media, and t h i s 
r e s u l t s i n some f u r t h e r b l e e d i n g o f t h e dye f r o m t h e r e s i n . 
The c o n d i t i o n i n g was r e p e a t e d u n t i l no more dye was 
v i s u a l l y o b s e r v e d t o b l e e d f r o m t h e column. A l t h o u g h no i n 
d e p t h s t u d y was made as t o t h e n a t u r e o f t h e i m m o b i l i s a t i o n 
o f t h e dye o n t o t h e r e s i n , i t i s t h o u g h t t o be due t o a 
c o m b i n a t i o n o f two p r o c e s s e s . F i r s t l y n o n - p o l a r , n o n - p o l a r 
i n t e r a c t i o n between t h e benzene r i n g o f t h e dye and t h e 
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p h e n o l i c r i n g s o f t h e r e s i n and s e c o n d l y , p h y s i c a l t r a p p i n g 
o f t h e dye i n t h e p o r e s o f t h e r e s i n beads. T h i s second 
mechanism w o u l d e x p l a i n t h e i n i t i a l b l e e d i n g o f t h e dye 
f r o m t h e r e s i n d u r i n g c o n d i t i o n i n g . The column, r e f e r r e d 
t o as t h e CAS column, was t h e n c o n n e c t e d t o t h e HPLC system 
i n f i g u r e 3.1. 
3.6.2.2 R e s u l t s and D i s c u s s i o n 
One h u n d r e d m i l l i l i t r e a l i q u o t s o f IM sodium c h l o r i d e 
samples were s p i k e d w i t h t h e a p p r o p r i a t e amount o f m e t a l 
s t a n d a r d t o y i e l d a f i n a l c o n c e n t r a t i o n o f 50 ng m l " ^ f o r 
each o f t h e m e t a l s , and, t h e pH a d j u s t e d i n t h e r a n g e 6 - 1 1 
u s i n g c o n c e n t r a t e d n i t r i c a c i d . F o l l o w i n g t h e 
p r e c o n c e n t r a t i o n p r o c e d u r e d e s c r i b e d i n s e c t i o n 3-3, t e n ml 
a l i q u o t s o f each o f t h e s e samples were l o a d e d o n t o t h e CAS 
column. F o l l o w i n g t h e c h r o m a t o g r a p h y o f t h e m e t a l s t h e 
peak a r e a s were r e c o r d e d . F i g u r e s 3.6 - 3.10 show t h e 
v a r i a t i o n i n s i g n a l a g a i n s t sample pH f o r magnesium, 
c a l c i u m , s t r o n t i u m , a l u m i n i u m and z i n c r e s p e c t i v e l y . 
A g a i n , t h e r e s u l t s f o l l o w what w o u l d be e x p e c t e d i n t h a t an 
i n c r e a s e i n pH r e s u l t s i n an i n c r e a s e i n s i g n a l up t o t h e 
p o i n t where t h e pH i s h i g h enough t o cause t h e f o r m a t i o n o f 
t h e r e s p e c t i v e h y d r o x i d e s . F o l l o w i n g t h i s , a more i n d e p t h 
s t u d y o f Mg u p t a k e was p e r f o r m e d . 
I n o r d e r t o o p t i m i s e t h e p r e c o n c e n t r a t i o n p r o c e d u r e 
o u t l i n e d i n s e c t i o n 3.3, a m o l a r sodium c h l o r i d e sample was 
s p i k e d w i t h 50 ng m l ~ ^ magnesium and t h e pH a d j u s t e d t o 
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F i g u r e 3.6 R e l a t i o n s h i p between sample pH and magnesium 






F i g u r e 3.7 R e l a t i o n s h i p between sample pH and c a l c i u m 





F i g u r e 3.8 R e l a t i o n s h i p between sample pH and s t r o n t i u m 
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F i g u r e 3.9 R e l a t i o n s h i p between sample pH and a l u m i n i u m 












F i g u r e 3.10 R e l a t i o n s h i p between sample pH and z i n c 
response u s i n g the CAS p r e c o n c e n t r a t i o n 
column 








9.5. A range of sample volumes from 0 t o 20 ml were then 
loaded onto the CAS column and the subsequent peak a r e a s 
f o r Mg recorded. A p l o t of Mg s i g n a l a g a i n s t sample volxime 
i s shown i n f i g u r e 3.11. I t can be seen t h a t no 
p r e c o n c e n t r a t i o n took p l a c e w h i l s t t h e f i r s t 2 ml a l i q u o t 
of sample was loaded onto t h e column. P r i o r t o t h e 
p r e c o n c e n t r a t i o n of any sample, t h e pH of t h e CAS column 
was 2.8 ( t h a t of t h e mobile phase) hence, no c h e l a t i o n 
c o u l d t a k e p l a c e u n t i l t he pH of the column had reached a t 
l e a s t pH 7. From f i g u r e 3.11 i t i s c l e a r t h i s d i d not t a k e 
p l a c e u n t i l 2 ml of sample had been passed through the 
column. I t might be expected t h a t a p l o t of sample volume 
p r e c o n c e n t r a t e d a g a i n s t s i g n a l obtained would be l i n e a r f o r 
the c o n c e n t r a t i o n range of i n t e r e s t . The t o t a l l o a d i n g of 
the dye on the column was 30 mg, and t h e c o n c e n t r a t i o n of 
magnesium p r e s e n t was 50 ng ml~^. T h e r e f o r e 600 l i t r e s of a 
molar sodium c h l o r i d e s o l u t i o n s p i k e d w i t h 50 ng ml"^ Mg 
should be loaded onto t h e column b e f o r e breakthrough 
o c c u r s . From f i g u r e 3.11 breakthrough o c c u r r e d a f t e r o n l y 
15 ml. T h i s may be e x p l a i n e d by the f a c t t h a t t h e 
c h e l a t i n g group on CAS i s s a l i c y l i c a c i d , and a s such i s 
only weakly c h e l a t i n g . A probable e x p l a n a t i o n t h e r e f o r e , 
f o r t h e e a r l y breakthrough observed, i s due t o m i g r a t i o n of 
the magnesium i o n s along the CAS column. Thus, i n order t o 
remain i n the l i n e a r s e c t i o n of the c u r v e f o r sample volume 
p r e c o n c e n t r a t e d a g a i n s t s i g n a l , a t e n ml a l i q u o t of b r i n e 
sample was p r e c o n c e n t r a t e d i n a l l p r e c e e d i n g s t u d i e s . I n 
a d d i t i o n , the p r e c o n c e n t r a t i o n procedure was m o d i f i e d t o 
i n c l u d e a 5 ml a l i q u o t of 2.5 x 10"^ M sodium hydroxide 
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F i g u r e 3.11 R e l a t i o n s h i p between sample volume and 
magnesium response u s i n g t h e CAS 
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p r i o r t o the b r i n e sample, t o a d j u s t the pH o f t h e CAS 
column. 
Using t h i s modified p r e c o n c e n t r a t i o n procedure, t e n ml 
a l i q u o t s of IM sodium c h l o r i d e were s p i k e d w i t h a p p r o p r i a t e 
amounts of magnesium t o y i e l d f i n a l c o n c e n t r a t i o n s i n t h e 
range 0 -100 ng ml~^. The pH of each was a d j u s t e d t o 9.5. 
These b r i n e samples were then loaded onto the CAS column, 
and f o l l o w i n g the chromatography a c a l i b r a t i o n c u r v e was 
p l o t t e d , shown i n f i g u r e 3.12. However, f o l l o w i n g t h e s e 
i n i t i a l , promising r e s u l t s , t he CAS column a p p a r e n t l y 
degenerated. The CAS c o a t i n g appeared t o have been washed 
from t h e r e s i n . A second column was prepared, although the 
CAS used on t h i s o c c a s i o n was o b t a i n e d from an a l t e r n a t i v e 
source (Sigma Chemicals, Poole, E n g l a n d ) . 
C a l i b r a t i o n s f o r A l , Ca, S r and Zn were o b t a i n e d i n t h e 
same manner as t h a t f o r Mg, u s i n g the new CAS column 
( F i g u r e s 3.13 - 3.16). From t h e s e p l o t s i t was c l e a r t h a t 
the column was not performing a s w e l l as expected. The 
c a l i b r a t i o n c u r v e f o r A l (3.13) l e v e l l e d o f f a t t h e 50 ng 
ml"^ l e v e l i n d i c a t i n g e a r l y breakthrough of aluminium. That 
of c a l c i u m (3.14) was v e r y f l a t s u g g e s t i n g poor r e c o v e r y 
f o r c a l c i u m from the b r i n e by t h e column. The c u r v e f o r Zn 
may p a r t i a l l y be e x p l a i n e d by the formation of Zn{OH). 
The column has a low e f f i c i e n c y f o r z i n c and so t h e 
r e c o v e r i e s a t low c o n c e n t r a t i o n of t h e metal a r e poor. When 
the experiments were repeated u s i n g 30% m/v b r i n e samples 
the r e s u l t s were even more d i s a p p o i n t i n g . I t would appear. 
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F i g u r e 3.12 C a l i b r a t i o n c u r v e o b t a i n e d f o r magnesium i n 
30% m/v sodium c h l o r i d e u s i n g the CAS 
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F i g u r e 3-13 C a l i b r a t i o n curve obtained f o r aluminium i n 
30% m/v sodium c h l o r i d e u s i n g t h e CAS 
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F i g u r e 3.14 C a l i b r a t i o n curve o b t a i n e d f o r calci u m i n 30% 
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F i g u r e 3.15 C a l i b r a t i o n curve obtained f o r s t r o n t i u m i n 
30% m/v sodium c h l o r i d e u s i n g t h e CAS 
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F i g u r e 3.16 C a l i b r a t i o n c u r v e obtained f o r z i n c i n 30% m/v 
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t h a t the s a l i c y l i c a c i d f u n c t i o n a l group of the CAS dye was 
not s u f f i c i e n t l y s t r o n g enough t o r e t a i n t h e metals of 
i n t e r e s t i n such a high i o n i c s t r e n g t h media. Problems 
were a l s o a s s o c i a t e d w i t h c o a t i n g t h e dye onto the r e s i n , 
and t h e c o a t i n g s obtained were not r e p r o d u c i b l e . These 
f a c t o r s , i n a d d i t i o n to the wide range i n p u r i t y of the dye 
from v a r i o u s s u p p l i e r s , l e d t o t h e d e c i s i o n t o abandon t h e 
dye f o r t h i s s p e c i f i c a p p l i c a t i o n . 
3.6.3 X y l e n o l Orange 
3.6.3.1 I n t r o d u c t i o n 
The c h e l a t i n g dye x y l e n o l orange (XO) f i g u r e 3.17 has been 
used p r e v i o u s l y t o modify c o n v e n t i o n a l i o n exchange r e s i n s . 
B r a j t e r (66) immobilised XO onto t h e anion exchange r e s i n 
Amberlyst A-26 and used i t f o r the d e t e r m i n a t i o n of mainly 
f i r s t row t r a n s i t i o n m etals. The f u n c t i o n a l group of XO i s 
i m i n o d i a c e t i c a c i d (IDA) which although being a weaker 
c h e l a t i n g agent than 8 - h y d r o x y q u i n o l i n e , i s a s t r o n g e r 
c h e l a t i n g agent than s a l i c y l i c a c i d , f o r t h e metals of 
i n t e r e s t . The l a r g e s i z e of t h e XO molecule, h a v i n g t h r e e 
c y c l i c r i n g s s i m i l a r to CAS, i n c r e a s e s the s t r e n g t h of 
i n t e r a c t i o n w i t h the s o r p t i o n m a t r i x . F i n a l l y , t h e 
presence of the SO3" group on the dye makes i t water 
s o l u b l e . X y l e n o l orange t h e r e f o r e , was c o n s i d e r e d to be a 
s u i t a b l e dye f o r the c u r r e n t a p p l i c a t i o n . 
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3.6.3.2 Coating procedure f o r X y l e n o l Orange 
The x y l e n o l orange column was prepared i n a b a t c h p r o c e s s , 
r a t h e r than c o a t i n g t h e dye onto the r e s i n i n t h e column, 
as was the c a s e f o r CAS. I t was c o n s i d e r e d t h a t a b a t c h 
p r o c e s s would r e s u l t i n a deeper, more s t a b l e c o a t i n g of 
the dye on the r e s i n . Dowex 1 X8 (3 g) was s l u r r i e d i n 25 
ml of a 40% v/v methanol water s o l u t i o n . X y l e n o l orange 
(Sigma Chemicals, Poole, England) (100 mg) was added and 
the s o l u t i o n was s t i r r e d on a hot p l a t e a t 50°C f o r 48 
hours, a d d i t i o n a l methanol s o l u t i o n b e i n g added when 
n e c e s s a r y due t o e v a p o r a t i o n . The c o a t e d r e s i n was then 
packed i n t o a 100 mm x 4.2 lam i . d . t i t a n i u m column and the 
column connected t o the HPLC system shown i n f i g u r e 3.1. 
The column was c o n d i t i o n e d w i t h a l t e r n a t e washings of 
s a t u r a t e d b r i n e and the mobile phase u n t i l no more dye was 
v i s u a l l y observed t o b l e e d from t h e column. The 
i m m o b i l i s a t i o n of the dye on the r e s i n i s thought t o be 
s i m i l a r t o t h a t of the CAS on the n e u t r a l r e s i n . I n 
a d d i t i o n t o nonpolar-nonpolar a t t r a c t i o n and p h y s i c a l 
t r a p p i n g however, a t h i r d mechanism now o p e r a t e s , t h a t of 
the s t r o n g i o n i c i n t e r a c t i o n between t h e t e r t i a r y ammonium 
group of the r e s i n and the sulphonate group of the dye. 
The l o a d i n g of the dye on the r e s i n was not c a l c u l a t e d 
owing t o d i f f i c u l t i e s i n measuring the amount of the dye 
b l e e d i n g from the column, but was thought t o be a s l i g h t l y 
h i g h e r l o a d i n g than on the CAS column. 
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3.6.3.3 R e s u l t s and D i s c u s s i o n 
The modified p r e c o n c e n t r a t i o n procedure d e s c r i b e d i n 
s e c t i o n 3.6.2.2 was used f o r a l l the s t u d i e s of the XO 
column. The pH dependance of uptake f o r each of t h e metals 
was s t u d i e d . A 30% m/v b r i n e sample was s p i k e d w i t h a 
known c o n c e n t r a t i o n of metal (50 ng ml"^) and the pH 
a d j u s t e d i n the range 6 - 1 2 u s i n g c o n c e n t r a t e d n i t r i c 
a c i d . Ten ml a l i q u o t s of t h e s e samples were loaded onto 
the XO column and f o l l o w i n g the chromatography the peak 
a r e a s were c o l l e c t e d . F i g u r e s 3.18 - 3.23 show the pH 
dependance f o r A l , Zn, Mg, Ca, S r and Ba r e s p e c t i v e l y . I t 
can be seen t h a t the m e t a l s s t u d i e d may be d i v i d e d i n t o two 
groups based on t h e i r optimum sample pH f o r 
p r e c o n c e n t r a t i o n . Aluminium and z i n c have optimum pH 
around 7 - 8, w h i l e the a l k a l i n e e a r t h s a l l have optimum 
pH's above 10. As the f u n c t i o n a l group of t h e dye i s 
i m i n o d i a c e t i c a c i d , s t r o n g c h e l a t i o n w i l l not p l a c e u n t i l 
both groups a r e i n the a n i o n i c form ( 3 6 ) . T h i s t y p i c a l l y 
o c c u r s a t pH 7. I n the c a s e of aluminium, an optimum pH 
f o r r e c o v e r y i s observed a t pH 8. T h i s i s due t o a 
combination of the s m a l l i o n i c r a d i u s (0.045 nm) and +3 
charge f o r aluminiiun f o r c i n g t h e formation of t h e . s t a b l e 
two r i n g c h e l a t e a t a lower pH than t h e a l k a l i n e e a r t h s . As 
the pH i s r a i s e d s t i l l f u r t h e r we see a sharp f a l l i n the 
response f o r aluminium. T h i s may be e x p l a i n e d by the 
formation of the hydroxide s p e c i e s A1(0H)4~, so l e a v i n g the 
aluminium u n a v a i l a b l e f o r c h e l a t i o n . S i m i l a r l y f o r z i n c 
t h e r e i s an optimum a t pH 7.5. Again t h i s was due i n p a r t 
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F i g u r e 3.18 R e l a t i o n s h i p between sample pH and aluminium 
response u s i n g the x y l e n o l orange 










8 10 1 1 
SAMPLE pH. 
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F i g u r e 3.19 R e l a t i o n s h i p b e t w e e n sample pH and z i n c 








F i g u r e 3.20 R e l a t i o n s h i p b e t w e e n s a m p l e pH and magnesium 
r e s p o n s e u s i n g t h e x y l e n o l o r a n g e 
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F i g u r e 3.21 R e l a t i o n s h i p between sample pH and c a l c i u m 
response u s i n g the x y l e n o l orange 
p r e c o n c e n t r a t i o n column 
SAMPLE pH 
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Figure 3.22 R e l a t i o n s h i p between sample pH and s t r o n t i u m 
response u s i n g the x y l e n o l orange 
p r e c o n c e n t r a t i o n column 
SAMPLE PH. 
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F i g u r e 3.23 R e l a t i o n s h i p between sample pH and barium 
response u s i n g t he x y l e n o l orange 
p r e c o n c e n t r a t i o n column 
J U I -
20 
10 
7.0 7 5 6.0 8.5 9.0 9.5 10.0 10.5 11.0 11.5 12.0 12.5 
SAMPLE pH 
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t o t h e s m a l l i o n i c r a d i u s (0.069 nm) of z i n c . At h i g h e r 
pH's the s t a b l e Zn(OH)42- i s formed which a g a i n prevented 
c h e l a t i o n w i t h the IDA groups of the dye. I n t h e c a s e of 
the a l k a l i n e e a r t h s , no ap p r e c i c i b l e c h e l a t i o n o c c u r r e d 
u n t i l pH 9. Magnesium does not appear t o have reached an 
optimum i n the pH range i n v e s t i g a t e d . Calcium on the o t h e r 
hand showed an optimum between pH 9 and pH 10.8. T h i s may 
be e x p l a i n e d by v i r t u e of the s t a b i l i t y o r d e r o f the 
a l k a l i n e e a r t h metal c a t i o n and the a n i o n of the 
aminocarboxylic a c i d being: Mg < Ca > S r > Ba (68) . Thus 
an optimum i s reached f o r c a l c i u m w h i l e not f o r magnesium. 
Both s t r o n t i u m and barium showed optimum s i g n a l i n the pH 
range 1 0 - 1 1 . 
The r e p r o d u c i b i l i t y o f the system was t e s t e d by repeated 
c a l i b r a t i o n of the system on a day-to-day b a s i s , each 
c a l i b r a t i o n p o i n t being repeated i n t r i p l i c a t e . The 
p r e c i s i o n f o r each of the m e t a l s on both a day-to-day 
b a s i s , and on the dame day a r e l i s t e d i n t a b l e 3.1. 
The r e c o v e r i e s f o r each of the metals were c a l c u l a t e d a t 
the opeimum pH f o r t h a t metal. The r e c o v e r i e s were based 
on the s i g n a l obtained by p r e c o n c e n t r a t i n g a 10 ml a l i q u o t 
of 30% m/v sodium c h l o r i d e sample c o n t a i n i n g 50 ng ml"^ of 
the metal (based on t h r e e such a n a l y s e s ) a g a i n s t the 
s i g n a l obtained by i n j e c t i n g 100 / i l of a 5 ^g ml"^ aqueous 
standard of the same element (based on t h r e e such a n a l y s e s ) 
both s i g n a l s having been blank s u b t r a c t e d . The r e c o v e r i e s 
f o r t h e metals a r e l i s t e d i n t a b l e 3.2. 
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Table 3.1 
P r e c i s i o n of a n a l y s i s f o r A l , Zn, Mg, Ca, S r and Ba on an 
same-day and day-to-day b a s i s . 
Element Same Day Day-to-Day 
% RSD n = 3 % RSD n = 5 
A l 2.7 3.2 
Zn 2.5 3.0 
Mg 0.9 4.0 
Ca 2.5 3.8 
S r 4.0 4.2 
Ba 3.8 4.0 
Table 3.2 
Recovery f o r A l , Zn, Mg, Ca, S r and Ba from 30% m/v sodium 
c h l o r i d e s o l u t i o n . 
Element % Recovery 




S r 50 
Ba 55 
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Although the r e c o v e r i e s were l e s s t h an 100%, t h e 
r e p r o d u c i b i l i t y of the system was good and t h e u s u a l 
problems a s s o c i a t e d w i t h low r e c o v e r i e s being s h i f t e d by 
sample m a t r i x a r e not encountered a s the m a t r i x remains 
f i x e d . 
Standard a d d i t i o n c a l i b r a t i o n s were o b t a i n e d f o r each of 
the m e t a l s by s p i k i n g the b r i n e samples w i t h known 
c o n c e n t r a t i o n s of the a n a l y t e i n the range 0 - 100 ng ml"^ 
a t t h e optimum pH f o r t h a t a n a l y t e . Ten ml a l i q u o t s of 
t h e s e b r i n e samples were loaded onto t h e column and 
f o l l o w i n g the chromatography, peak a r e a s were c o l l e c t e d . 
L i n e a r c a l i b r a t i o n s ( F i g u r e s 3.24 - 3.29) were ob t a i n e d f o r 
a l l of the metals w i t h i n the c o n c e n t r a t i o n range of 
i n t e r e s t w i t h the e x c e p t i o n of s t r o n t i u m . The c a l i b r a t i o n 
curve f o r s t r o n t i u m ( F i g u r e 3.28) tends t o c u r v e towards 
the a x i s above 50 ng ml~^ although the p r e c i s i o n i s such 
t h a t t h i s p o r t i o n of the c a l i b r a t i o n c u r v e may s t i l l be 
used. A l l the c a l i b r a t i o n s i n t e r c e p t on t h e y a x i s as. they 
a r e a l l , s t a ndard a d d i t i o n c u r v e s . Hence the c o n c e n t r a t i o n 
of each of the a n a l y t e s i n the b r i n e may be determined 
(Table 3 . 3 ) . 
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F i g u r e 3.24 C a l i b r a t i o n c u r v e obtained f o r aluminium i n 
30% m/v sodium c h l o r i d e using t h e X-O 
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ELEMENTAL CONCENTHATION (ng/al) 
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F i g u r e 3.25 C a l i b r a t i o n curve obtained f o r z i n c i n 30% m/v 




50 100 150 
ELEMEHTAL CONCENTRATION (ng/ll) 
200 
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F i g u r e 3.26 C a l i b r a t i o n c u r v e obtained f o r magnesium i n 
30% m/v sodium c h l o r i d e u s i n g t h e X-O 
p r e c o n c e n t r a t i o n column 
400 h 
CO 300 b 
200 h 
100 h 
C o r r e l a t i o n c o e f f i c i e n t 
Slope 
Y I n t e r c e p t 
50 100 150 






F i g u r e 3.27 C a l i b r a t i o n curve obtained f o r c a l c i u m i n 30% 
m/v sodium c h l o r i d e u s i n g the X-0 . 
p r e c o n c e n t r a t i o n column 
350 r 
1 
C o r r e l a t i o n c o e f f i c i e n t 
Slope 
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F i g u r e 3.28 C a l i b r a t i o n curve obtained f o r s t r o n t i u m i n 
30% m/v sodium c h l o r i d e u s i n g t h e X-0 
p r e c o n c e n t r a t i o n column 
S50 r 
50 75 100 
ELDCNTAL CONCENTRATION (ng/al) 
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F i g u r e 3.29 C a l i b r a t i o n curve o b t a i n e d f o r barium i n 30% 
m/v sodium c h l o r i d e u s i n g the X-O 
p r e c o n c e n t r a t i o n column 
60 r 
3 
C o r r e l a t i o n c o e f f i c i e n t = 0.9987 
Slope = 2.16 
Y I n t e r c e p t = 0 . 8 1 
10 15 20 




T a b l e 3.3 
C o n c e n t r a t i o n of a n a l y t e p r e s e n t i n 30% m/v sodium 
c h l o r i d e samples determined by s t a n d a r d a d d i t i o n c u r v e s . 
Element C o n c e n t r a t i o n ng ml~^ 








The c h e l a t i n g r e s i n Chelex 100 was found t o be u n s u i t a b l e 
f o r t h e p r e c o n c e n t r a t i o n of the a l k a l i n e e a r t h s from sodium 
c h l o r i d e m a t r i c e s . T h i s was due e n t i r e l y t o t h e f a c t t h a t 
Chelex 100 i s not a HPLC grade r e s i n . The s w e l l i n g 
a s s o c i a t e d w i t h the change i n i o n i c s t r e n g t h and pH between 
the d i f f e r e n t s o l v e n t s used caused an i n c r e a s e i n 
b a c k p r e s s u r e on the column, f o r which t h e r e s i n was not 
designed. 
Coated column t e c h n i q u e s have now been used f o r s e v e r a l 
y e a r s and o f f e r advantages over c o n v e n t i o n a l ion-exchange 
columns f o r reasons d i s c u s s e d e a r l i e r . I n t h i s a p p l i c a t i o n 
too, coated columns have a s i g n i f i c a n t advantage i n t h a t 
they a r e r e l a t i v e l y s i m p l e t o manufacture, and w i t h a 
s u i t a b l e c h o i c e of the dye and r e s i n back bone may be 
' t a i l o r made' f o r s p e c i f i c a p p l i c a t i o n s . Of the two dyes 
s t u d i e d , x y l e n o l orange o f f e r e d the g r e a t e r s t a b i l i t y t o 
v a r i a t i o n s i n pH and i o n i c s t r e n g t h and d i d not degrade i n 
the manner t h a t the CAS column d i d . The XO column o f f e r e d 
s u p e r i o r r e c o v e r i e s and r e p r o d u c i b i l i t i e s over the CAS 
column, due i n p a r t t o the s t r o n g e r c h e l a t i n g f u n c t i o n of 
x y l e n o l orange (IDA) over Chrome A z u r o l S ( s a l i c y l i c a c i d ) 
and i n p a r t t o the more s t a b l e c o a t i n g of x y l e n o l orange. 
Using t h e x y l e n o l orange coated column aluminium, z i n c , 
magnesium, c a l c i u m , s t r o n t i u m and barium were 
pr e c o n c e n t r a t e d q u a n t i t a t i v e l y from s a t u r a t e d b r i n e s a t the 
low ng ml"^ l e v e l . 
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CHAPTER 4 
APPLICATION OF PRECONCENTRATION - HPLC SYSTEM TO 
ON-LINE MONITORING OF FEED BRINES FOR PROCESS CONTROL 
4.1 INTRODUCTION 
4.2 INSTRUMENTATION 




APPLICATION OF THE PRECONCENTRATION - HPLC SYSTEM TO 
ON-LINE MONITORING OF FEED BRINES FOR PROCESS CONTROL 
4.1 INTRODUCTION 
The need f o r p r o c e s s monitoring i n t h e c h l o r - a l k a l i 
i n d u s t r y has a l r e a d y been d e a l t w i t h i n Chapter 1. The 
subsequent development of the HPLC system f o r the 
de t e r m i n a t i o n of low ng ml"^ l e v e l s of s p e c i f i c c a t i o n s has 
been d e s c r i b e d i n Chapters 2 and 3. There i s , however, a 
l a r g e d i f f e r e n c e between o p e r a t i n g a manual system i n the 
c o n t r o l l e d environment of the l a b o r a t o r y , and a p p l y i n g t h a t 
system t o run c o n t i n u o u s l y , unattended on an i n d u s t r i a l 
s i t e * T h i s c h a p t e r w i l l d e a l w i t h the a p p l i c a t i o n of the 
methodology d e s c r i b e d i n Chapters 2 and 3 t o an automated, 
o n - l i n e monitoring system f o r the d e t e r m i n a t i o n of 
t r a c e - m e t a l s i n c o n c e n t r a t e d feed b r i n e s -
Because both the p r e c o n c e n t r a t i o n c o n d i t i o n s and 
chromatographic c o n d i t i o n s f o r aluminium and z i n c d i f f e r e d 
from those of the a l k a l i n e e a r t h s , (2.3.4 and 3.6.3.3), 
t h i s study only d e a l s w i t h t he d e t e r m i n a t i o n of the 
a l k a l i n e e a r t h s t o m a i n t a i n s i m p l i c i t y o f the system. 
The reason f o r the o n - l i n e t r i a l was t o t e s t t h e long-term 
s t a b i l i t y of the system, s t a b i l i t y of the r e a g e n t s used, 
r e l i a b i l i t y of the i n s t r u m e n t a t i o n and r o b u s t n e s s of the 
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technique. A four week t r i a l was arranged f o r t h e study a t 
a c h l o r i n e p l a n t ( I C I Chemicals and Polymers L t d . , Lostock 
s i t e , C h e s h i r e ) d u r i n g May 1990. During t h e t r i a l 
methodology developed a t Plymouth was t r a n s f e r r e d t o a HPIiC 
system on lo a n from I C I Chemicals and Polymers L t d . The 
equipment was housed i n an e x i s t i n g a n a l y s e r house l o c a t e d 
next t o the i o n exchange clean-up columns ( f i g u r e 4 . 1 ) . 
Under normal o p e r a t i n g c o n d i t i o n s , b r i n e samples a r e 
c o l l e c t e d from a sample r e s e r v o i r s i t u a t e d a l o n g s i d e t h e 
a n a l y s e r house shown i n f i g u r e 4.2. 
During the t r i a l , however, e x t e n s i v e c o n v e r s i o n work was 
being c a r r i e d out on the s i t e . During t h i s time b r i n e was 
sampled d i r e c t l y from a r e s e r v o i r f i l l e d from t h e o u t l e t o f 
the ion-exchange clean-up columns. 
4 .2 INSTRUMENTATION 
I n order t o automate t he HPLC system to a l l o w c o l l e c t i o n , 
p r e c o n c e n t r a t i o n , and i n j e c t i o n of samples t h e HPLC system 
needed t o be re-designed. A schematic o f t h e l a y o u t i s 
shown i n f i g u r e 4.3. 
The system e s s e n t i a l l y comprises f i v e pumps. Two HPLC 
pumps (Knauer HPLC Pump 64, Roth S c i e n t i f i c , Alpha House, 
Alexandra Road, Farnborough, U.K.). were used t o d e l i v e r 
the mobile phase (1.0 ml min"^) and a sodium hydroxide 
s o l u t i o n (2.5 X lO'^M) (2-5 ml min"^). A p r e s s u r e v e s s e l 
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F i g u r e 4.1 Block diagram showing l o c a t i o n o f a n a l y s e r 
house w i t h r e s p e c t to t h e ion-exchange 
clean-up columns 









F i g u r e 4.2 R e s e r v o i r normally used f o r sample c o l l e c t i o n 


























(Dionex C o r p o r a t i o n , Albany Park, Camberley, S u r r e y , U.K.) 
was used a s a t h i r d pump t o d e l i v e r t h e post-column reagent 
(1 ml min~^). A twin channel p e r i s t a l t i c pump ( M i n i p u l s e , 
G i l s o n , Luton, B e d f o r d s h i r e ) , was used t o d e l i v e r b r i n e 
samples (3.3 ml min~^) and aqueous s t a n d a r d s f o r 
c a l i b r a t i o n (0.1 ml min~^). The p r e c o n c e n t r a t i o n column 
was a 100 mm x 4.2 mm i . d . t i t a n i u m column packed w i t h 
Dowex 1-X8 coated w i t h x y l e n o l orange and the a n a l y t i c a l 
column was a 5 0 m m x 4 . 2 m m i . d - t i t a n i u m column packed 
w i t h a s t r o n g cation-exchange r e s i n , (Benson BC-XIO, Benson 
Company, Reno, Nevada, USA.). Both columns and the 
r e a c t i o n c o i l were maintained a t 60°C i n a water bath. 
Although no automation of the pumps was n e c e s s a r y , a s they 
were r e q u i r e d t o operate c o n t i n u o u s l y , automation of t h e 
s w i t c h i n g v a l v e s was r e q u i r e d . The arrangement of the 
s w i t c h i n g v a l v e s and columns i s shown i n f i g u r e 4.4. 
Three s w i t c h i n g v a l v e s (Dionex C o r p o r a t i o n ) , were housed i n 
a Dionex advanced chromatography module. V a l v e s w i t c h i n g 
was c o n t r o l l e d v i a a Dionex auto i o n c o n t r o l l e r . The v a l v e s 
were c o n f i g u r e d so t h a t a b r i n e sample co u l d be 
pre c o n c e n t r a t e d w h i l e a chromatogram of t h e p r e v i o u s sample 
was being obtained. To a v o i d h a v i n g t o pump c o n c e n t r a t e d 
b r i n e through t h e HPLC pump, a t e n ml sample loop was 
f i l l e d w i t h b r i n e v i a the p e r i s t a l t i c pump. 
While t h e sample loop was f i l l i n g w i t h b r i n e , t h e d i l u t e 
(2.5 x 10"^ M) sodium hydroxide s o l u t i o n was pumped through 
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Figure 4.4 Block diagram for the s w i t c h i n g v a l v e s , 
p r e c o n c e n t r a t i o n column and sampling loops 
used i n the HPLC system 
BRINE pH 10 .8 
3 .3 m l WIN 
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DILUTE No OH 
pH 1 0 . 8 2 . 5 m l MIN 
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the p r e c o n c e n t r a t i o n column t o c o n d i t i o n i t p r i o r t o 
a n a l y s i s . The c o n t e n t s of t h e sample loop were then f l u s h e d 
onto the p r e c o n c e n t r a t i o n column u s i n g t h e sodium hydroxide 
stream a s a c a r r i e r stream. Once t h e sample loop had 
emptied t h e v a l v e was swit c h e d back t o t h e o r i g i n a l 
p o s i t i o n so t h a t the loop c o u l d be r e - f i l l e d w i t h b r i n e . A 
f u r t h e r f i v e ml a l i q u o t of sodium hydroxide was pumped 
through the p r e c o n c e n t r a t i o n column t o remove t h e r e s i d u a l 
sodium c h l o r i d e (Chapter 3) bef o r e t h e r e t a i n e d m e t a l s were 
b a c k - f l u s h e d o f f the column w i t h the mobile phase onto t h e 
a n a l y t i c a l column. I n t h i s way b r i n e samples may be 
prec o n c e n t r a t e d r e p r o d u c i b l y without pumping b r i n e through 
the HPLC pump. B r i n e samples c o u l d not be pumped d i r e c t l y 
onto the p r e c o n c e n t r a t i o n column by the p e r i s t a l t i c pump 
because the ba c k - p r e s s u r e a c r o s s t h e p r e c o n c e n t r a t i o n 
column (approx 700 p s i ) was too high f o r a p e r i s t a l t i c pump 
t o operate a g a i n s t . 
The e l u t i o n of the r e t a i n e d m e t a l s from the 
p r e c o n c e n t r a t i o n column was complete w i t h i n two minutes. 
Hence, a f t e r two minutes t h e v a l v e may be r e t u r n e d t o the 
o r i g i n a l p o s i t i o n t o a l l o w c o n d i t i o n i n g of t h e column f o r 
the next b r i n e sample, w h i l e the p r e v i o u s chromatogram 
developed. The time taken t o e l u t e t h e four i o n s of 
i n t e r e s t was t e n minutes. The e l u t i o n of t h e r e t a i n e d 
metals from the p r e c o n c e n t r a t i o n column took two minutes. 
The p r e c o n c e n t r a t i o n c y c l e was designed t o t a k e e i g h t 
minutes so a l l o w i n g s i x r e p l i c a t e a n a l y s e s an hour. I n 
p r a c t i c e , the system a l s o needed t o be c a l i b r a t e d . T h i s 
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was a c h i e v e d u s i n g t h e t h i r d s w i t c h i n g v a l v e which had a 
100 ^1 sample loop p l a c e d a c r o s s i t . Aqueous s t a n d a r d s 
were d e l i v e r e d t o t h e loop v i a the p e r i s t a l t i c pump. Once 
an hour, the aqueous s t a n d a r d s were i n j e c t e d onto the 
a n a l y t i c a l column by the mobile phase. U s i n g t h i s 
i n s t r u m e n t a t i o n , f i v e b r i n e samples were a n a l y s e d an hour 
p l u s one c a l i b r a t i o n s t a n d a r d . 
4 . 3 RESULTS AND DISCUSSION 
An e x t r a c t from t h e chromatogram o b t a i n e d d u r i n g the 
o n - l i n e t r i a l i s shown i n f i g u r e 4.5. I t shows t h r e e 
r e p l i c a t e b r i n e samples fo l l o w e d by one. of t h e c a l i b r a t i o n 
p o i n t s . Even though r e a l samples a r e b e i n g a n a l y s e d on 
l i n e c o n t i n u o u s l y , good chromatography of t h e m e t a l s has 
been r e t a i n e d w i t h good r e p r o d u c i b i l i t y and low background 
n o i s e . The r e p r o d u c i b l e chromatography i s t e s t i m o n y t o the 
s t a b i l i t y of the r e a g e n t s used. I t can be seen t h a t the 
r e t e n t i o n times f o r the m e t a l s i n the aqueous c a l i b r a t i o n 
s t a n d a r d d i f f e r s l i g h t l y from the r e t e n t i o n t i m e s of the 
m e t a l s i n the b r i n e samples. T h i s i s due t o t h e s t a n d a r d 
s o l u t i o n being i n j e c t e d d i r e c t l y onto the a n a l y t i c a l column 
r a t h e r than through both the p r e c o n c e n t r a t i o n column and 
a n a l y t i c a l column. During the e a r l i e r s t u d i e s ( 3 . 4 . 2 ) , i t 
was shown t h a t aqueous st a n d a r d c a l i b r a t i o n s c o u l d be used 
t o determine c o n c e n t r a t i o n s of a n a l y t e s i n s a t u r a t e d 
b r i n e s , provided t h a t the r e c o v e r y of each metal on the 
x y l e n o l orange column was known. I n so f a r a s t h e o n - l i n e 
t r i a l was concerned, aqueous s t a n d a r d c a l i b r a t i o n s d i r e c t l y 
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F i g u r e 4 . 5 E x t r a c t of the chromatogram obtained during 
the o n - l i n e t r i a l . The chromatogram shows 
three c o n s e c u t i v e i n j e c t i o n s of the r e t a i n e d 
metals from the p r e c o n c e n t r a t i o n column, 
preceded by a c a l i b r a t i o n s tandard 




onto t h e a n a l y t i c a l column were p r e f e r r e d over s p i k e d b r i n e 
c a l i b r a t i o n s , through both t h e p r e c o n c e n t r a t i o n column and 
a n a l y t i c a l column, to m a i n t a i n s i m p l i c i t y o f t h e system. 
The l a t t e r c a l i b r a t i o n procedure would have r e q u i r e d a 
f o u r t h s w i t c h i n g v a l v e , an e x t r a pump and more c o m p l i c a t e d 
pltimbing. The b r i n e feed was monitored f o r a t o t a l of 36 
hours. F i g u r e s 4.6 - 4.9 show t h e c o n c e n t r a t i o n w i t h 
r e s p e c t t o time f o r magnesium, c a l c i u m , s t r o n t i u m and 
barium r e s p e c t i v e l y . The c a l i b r a t i o n p o i n t s f o r each 
element have been omitted f o r c l a r i t y . 
Magnesium was p r e s e n t a t 3.5 ng ml~^ w i t h an RSD of 7%. 
T h i s i s an encouragingly s m a l l spread of r e s u l t s when 
c o n s i d e r i n g t h i s l e v e l i s c l o s e t o the d e t e c t i o n l i m i t of 
the system. The p r e c i s i o n a c r o s s t h e c a l i b r a t i o n p o i n t s 
f o r magnesium was 3.2%. 
Calcium shows t h r e e low r e s u l t s a t t h e s t a r t o f t h e t r i a l . 
T h i s was caused by l o s s of prime on the HPLC pump 
d e l i v e r i n g the sodium hydroxide s o l u t i o n , and as t h i s a c t s 
a s a c a r r i e r stream f o r t h e b r i n e sample, t h i s prevented 
a l l t h e sample being p r e c o n c e n t r a t e d . Other t h a n t h e s e 
f i r s t t h r e e p o i n t s , the r e s u l t s i n d i c a t e t h a t t h e r e was 30 
ng ml~^ of c a l c i u m p r e s e n t i n t h e feed b r i n e s w i t h an RSD 
a c r o s s t h e s e r e s u l t s of 8.3%. P r e c i s i o n a c r o s s t h e 
c a l i b r a t i o n p o i n t s f o r c a l c i u m was 4%. 
Strontium a l s o e x h i b i t e d low v a l u e s a t the s t a r t of t h e 
t r i a l f o r the same reas o n s a s c a l c i u m . The sub s e q u e n t l y 
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Figure 4.6 V a r i a t i o n i n the magnesium c o n c e n t r a t i o n with 
r e s p e c t to time during the o n - l i n e t r i a l 
- I 5 
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F i g u r e 4.7 V a r i a t i o n i n the c a l c i u m c o n c e n t r a t i o n w i t h 
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F i g u r e 4.8 V a r i a t i o n i n t h e s t r o n t i u m c o n c e n t r a t i o n w i t h 







UJ u z o u 
100 
50 
208 408 608 808 1008 1208 
TIME / MIN. 
1408 1608 1808 2008 
121 
F i g u r e 4.9 V a r i a t i o n i n t h e b a r i u m c o n c e n t r a t i o n w i t h 
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h i g h e r c o n c e n t r a t i o n of s t r o n t i u m found r e f l e c t s the h i g h 
c o n c e n t r a t i o n of s t r o n t i u m n a t u r a l l y o c c u r r i n g i n the s a l t 
d e p o s i t s used t o make up the feed b r i n e s used a t LostocK. 
P r e c i s i o n f o r the r e p o r t e d r e s u l t s was 15%. 
F i n a l l y barium showed a c o n c e n t r a t i o n i n the b r i n e s of 
approximately 17 ng ml"^. Although barium was i n c l u d e d 
d u r i n g the o n - l i n e t r i a l and the e a r l i e r s t u d i e s , i t was 
not expected t h a t barium would be d e t e c t e d i n the feed 
b r i n e s . P r i o r t o t h e s e a n a l y s e s , t h e o n l y o n - l i n e 
d e t e r m i n a t i o n s c a r r i e d out a t Lostock were f o r magnesium 
and c a l c i u m by Flow I n j e c t i o n A n a l y s i s . A l l o t h e r metal 
i o n d e t e r m i n a t i o n s were performed o f f - l i n e by i n d u c t i v e l y 
coupled plasma - atomic e m i s s i o n spectrometry f o l l o w i n g a 
f i v e - f o l d d i l u t i o n of t h e b r i n e . During t h e s e a n a l y s e s 
barium had never been d e t e c t e d . However, du r i n g 
experimental t r i a l s on the membrane c e l l s , barium had been 
found i n the membranes themselves a f t e r use w i t h t h e s e feed 
b r i n e s . As t h e r e i s no o t h e r p o s s i b l e s o u r c e o f barium, 
o t h e r than t h e feed b r i n e s , i t i s r e a s o n a b l e t o assume t h a t 
the feed b r i n e s do c o n t a i n barium a t t h e low ng ml~^ l e v e l . 
F o l l o w i n g the f i v e - f o l d d i l u t i o n of t h e b r i n e p r i o r t o 
a n a l y s i s by ICP-AES, the barium c o n c e n t r a t i o n was below the 
d e t e c t i o n l i m i t of the system a t the time t h e a n a l y s i s was 
performed. 
The l a r g e spread i n the r e s u l t s obtained f o r barium was not 
due t o any i n s t r u m e n t a l v a r i a t i o n , but r a t h e r the means of 
r e c o r d i n g the d a t a . Due to the l o c a t i o n of the a n a l y s e r 
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house, a p l o t t e r / i n t e g r a t o r which would have p r o v i d e d peak 
a r e a s c o u l d not be used because of e l e c t r i c a l i n t e r f e r e n c e 
from o t h e r i n s t a l l a t i o n s . Thus dat a had t o be c o l l e c t e d 
u s i n g a c h a r t r e c o r d e r . The f a c t t h a t barium was being 
determined c l o s e t o t h e d e t e c t i o n l i m i t of t h e system, and 
t h a t i t i s the l a s t metal t o e l u t e l e d t o v e r y s m a l l peak 
h e i g h t s being obtained f o r barixim, and i t was peak h e i g h t s 
which were used f o r measurement. The s m a l l e s t u n i t of 
h e i g h t t h a t could be measured a c c u r a t e l y was 0.5 mm. I n 
the c a s e of barium, changes i n peak h e i g h t o f 0.5 mm 
equated t o a change i n c o n c e n t r a t i o n of 7.5 ng ml"^. Thus 
a change i n peak h e i g h t e q u i v a l e n t t o the wid t h of t h e 
r e c o r d e r pen y i e l d l a r g e changes i n t h e apparent 
c o n c e n t r a t i o n . I f an i n t e g r a t o r c o u l d have been used t o 
c o l l e c t peak a r e a s , a more a c c u r a t e p i c t u r e may have 
emerged. I t can be s a i d , however, t h a t t h e barium 
c o n c e n t r a t i o n was approximately 20 ng ml"^ i n t h e b r i n e . 
The' o n - l i n e t r i a l took p l a c e over four weeks d u r i n g May 
1990, although r e s u l t s were only obtained f o r a 36 hour 
p e r i o d . T h i s was caused by i n s t r u m e n t a l problems r a t h e r 
than poor methodology o r u n s t a b l e c h e m i s t r y - The 
i n s t r u m e n t a t i o n used d u r i n g t h e t r i a l was de s i g n e d f o r use 
i n the l a b o r a t o r y , r a t h e r than on a ch e m i c a l s i t e . The 
o p e r a t i o n of an HPLC pump c o n t i n u o u s l y , i n the h a r s h 
environment of a chemical p l a n t , i s f a r more p r o b l e m a t i c 
than i t s o p e r a t i o n f o r a few hours a day i n t h e c o n t r o l l e d 
environment of a l a b o r a t o r y . The problems encountered were 
mainly due t o p i s t o n s e a l s and check v a l v e s e a l s on the 
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pumps f a i l i n g . T h i s would not normally p r e s e n t a problem. 
However, i n an i n d u s t r i a l environment, t h i s k i n d of 
i n s t r u m e n t a l f a i l u r e p r e s e n t s a much l a r g e r problem. Apart 
from t h e pximps, the other p a r t of the i n s t r x i m e n t a t i o n t h a t 
caused problems were the s w i t c h i n g v a l v e s and c o n n e c t i o n s . 
The Dionex v a l v e s used were r a t e d t o a maximum o p e r a t i n g 
p r e s s u r e of 2000 p s i . When both the p r e c o n c e n t r a t i o n and 
a n a l y t i c a l columns were i n s e r i e s , t he back p r e s s u r e was 
t y p i c a l l y 1800 p s i . Although t h i s was s l i g h t l y below t h e 
maximum o p e r a t i n g p r e s s u r e , the sudden i n c r e a s e i n back 
p r e s s u r e when s w i t c h i n g both columns i n s e r i e s was enough 
t o cause f i t t i n g s t o d i s c o n n e c t and v a l v e s t o l e a k . Due t o 
t h e s e problems, the HPLC system was not o p e r a t i o n a l u n t i l 
t h r e e and a h a l f weeks i n t o the t r i a l . However, d u r i n g 
t h i s time the o c c a s i o n a l chromatogram was obtained, u s u a l l y 
w i t h r e a g e n t s (mobile phase and post-column reagent) t h a t 
had been prepared f o r some days. I n a l l c a s e s n e i t h e r t h e 
chromatography nor the d e t e c t i o n had s u f f e r e d i n any way 
due t o the use of o l d r e a g e n t s . Once the system was running 
no o p e r a t o r a t t e n t i o n was n e c e s s a r y and the system was 
s t i l l o p e r a t i n g when the t r i a l was ended. Due t o t h e 
c o n v e r s i o n work being c a r r i e d out a t the s i t e , i t was not 
p o s s i b l e t o extend the t r i a l . 
4 . 4 COMCLUSIOHS 
During the o n - l i n e t r i a l t h e s t a b i l i t y o f r e a g e n t s , 
chromatography, d e t e c t i o n and o v e r a l l methodology was 
proved. The p r e c o n c e n t r a t i o n colximn used had been prepared 
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nine months p r i o r t o t h e t r i a l and had been used 
e x t e n s i v e l y d u r i n g those nine months, and s t i l l performed 
w e l l d u r i n g t h e t r i a l . During t h e t r i a l t h e a l k a l i n e 
e a r t h s were determined o n - l i n e a t the low hg ml"^ i n 
co n c e n t r a t e d feed b r i n e s u s i n g a f u l l y automated system 
without t h e use of any sample pretreatment• Barium was 
determined i n the feed b r i n e s a t the 20 ng ml~^ l e v e l , 
whereas p r e v i o u s d e t e r m i n a t i o n s had f a i l e d t o d e t e c t i t s 
presence d e s p i t e the f a c t t h a t barium had been determined 
i n the ion-exchange membranes used i n t h e e l e c t r o l y t i c 
c e l l s . 
F i n a l l y , t h e o n - l i n e t r i a l , once a g a i n proved t h a t 
l a b o r a t o r y - b a s e d i n s t r u m e n t a t i o n i s not s u i t e d t o o n - l i n e 
p r o c e s s a n a l y s i s . C l e a r l y pumps and s w i t c h i n g gear need t o 
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CHAPTER 5 
AM EXPERT SYSTEM BASED USERS GUIDE 
FOR AM lOM CHROMATOGRAPH PROCESS MOMITOR 
5.1 IMTRODUCTIOM 
A r t i f i c i a l i n t e l l i g e n c e ( A . I ) i s g e n e r a l l y regarded a s 
being t h e development of computational approaches t o 
i n t e l l i g e n t behaviour, or t o put i t another way, how t o 
make computers 'smart'. There a r e many a r e a s t o which AI 
has been a p p l i e d , a l l of which a r e l i n k e d by one common 
as p e c t . No a l g o r i t h m i c s o l u t i o n s e x i s t f o r the problem 
being t a c k l e d . S c i e n t i f i c and e n g i n e e r i n g c a l c u l a t i o n s a r e 
p r i m a r i l y numeric, a l g o r i t h m s f o r such problems a r e w e l l 
known and s o l u t i o n s a r e c l e a r l y d e f i n e d . However, t h e 
problems t o which AI systems a r e u s u a l l y a p p l i e d r a r e l y 
have a numeric s o l u t i o n . The problems d e a l w i t h words and 
concepts and more o f t e n than not some form of s e a r c h i s 
r e q u i r e d . The s o l u t i o n s produced cannot be e a s i l y d e f i n e d 
i n t o TRUE o r FALSE c a t e g o r i e s , and t h e systems cannot 
always guarantee a c o r r e c t s o l u t i o n . N i l s s o n (69) 
d e s c r i b e d AI i n terms of i t s b a s i c elements ( f i g u r e 5 . 1 ) . 
One of the elements of AI i s e x p e r t systems. As the name 
i m p l i e s , e x p e r t systems a r e designed t o mimic t h e d e c i s i o n 
making p r o c e s s of a human e x p e r t . Feigenbaum (70) d e f i n e d 
an e x p e r t system as an i n t e l l i g e n t computer program t h a t 
u s e s knowledge and i n f e r e n c e procedures t o s o l v e problems 
t h a t a r e d i f f i c u l t enough to r e q u i r e s i g n i f i c a n t human 
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F i g u r e 5.1 B a s i c elements of a r t i f i c i a l i n t e l l i g e n c e as 
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e x p e r t i s e f o r t h e i r s o l u t i o n . The knowledge of an e x p e r t 
system c o n s i s t s of f a c t s and h e u r i s t i c s . The " f a c t s " 
c o n s t i t u t e a body of i n f o r m a t i o n t h a t i s w i d e l y shared, 
p u b l i c l y a v a i l a b l e and g e n e r a l l y agreed upon by e x p e r t s i n 
a f i e l d . The h e u r i s t i c s a r e mostly p r i v a t e , r u l e s of good 
judgement, r u l e s of p l a u s i b l e r e a s o n i n g t h a t c h a r a c t e r i s e 
e x p e r t - l e v e l d e c i s i o n making i n the f i e l d . The performance 
l e v e l of an e x p e r t system i s p r i m a r i l y a f u n c t i o n of the 
s i z e and q u a l i t y of the knowledge base i t p o s s e s s e s . I n 
r e c e n t y e a r s i t has become f a s h i o n a b l e t o c h a r a c t e r i s e any 
AX system t h a t u s e s s u b s t a n t i a l domain knowledge as an 
e x p e r t system. T h i s has l e a d t o n e a r l y a l l a p p l i c a t i o n of 
AX t o r e a l - w o r l d problems being c o n s i d e r e d a s e x p e r t 
systems, although the term knowledge based systems may more 
a c c u r a t e l y d e s c r i b e such a p p l i c a t i o n s . 
E x p e r t systems a r e g e n e r a l l y r e c o g n i s e d a s c o n s i s t i n g of 
t h r e e main modules. The knowledge base, or r u l e base, the 
i n f e r e n c e engine or r u l e i n t e r p r e t e r and the u s e r 
i n t e r f a c e . 
The knowledge base c o n t a i n s a l l the domain f a c t s and 
h e u r i s t i c s n e c e s s a r y f o r the d e c i s i o n making p r o c e s s . As 
Feigenbaum s t a t e d , i t i s the knowledge base t h a t p r i m a r i l y 
determines the performance of the e x p e r t system. A common 
way of c o n s t r u c t i n g a knowledge base i s through t h e use i f 
IF-THEN commands. When the I F p o r t i o n of t h e command i s 
found t o be TRUE, the THEN p o r t i o n of the r u l e i s 
c o n s i d e r e d l o g i c a l l y t r u e . 
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By c h a i n i n g such commands t o g e t h e r i t i s p o s s i b l e t o 
c o n s t r u c t a simple i n f e r e n c e c h a i n . I f we c o n s i d e r t h e 
r u l e base as a t r e e i n which t h e r e i s t h e s t a r t i n g s t a t e , 
the g o a l s t a t e and many d i f f e r e n t branches and p o s s i b l e 
r o u t e s between t he two, r e p r e s e n t e d by t h e IF-THEN 
commands, then i n order t h a t t h e goal s t a t e be reached, i t 
i s important t h a t t h e c o r r e c t q u e s t i o n s be asked, and i n 
the c o r r e c t sequence, so as not t o t e r m i n a t e a v a l i d path 
of r e a s o n i n g . The a r e two b a s i c methods o f s e a r c h i n g t h e 
knowledge base, e i t h e r forward c h a i n i n g ( g o a l d r i v e n ) or 
backward c h a i n i n g (data d r i v e n ) . 
I n forward c h a i n i n g , t h e e s t a b l i s h e d f a c t s a r e c o n s i d e r e d , 
and where t h e s e f a c t s l e a d t o i n the i n f e r e n c e c h a i n . I n 
backward c h a i n i n g , a goal s t a t e i s s e l e c t e d and t h e f a c t s 
i n t e r r o g a t e d t o t r y and j u s t i f y t h a t goal s t a t e . Once a 
s i z e a b l e knowledge base has been developed i t becomes 
d i f f i c u l t and t e d i o u s t o keep t r a c k of the s t r u c t u r e of the 
i n f e r e n c e c h a i n , and the c u r r e n t p o s i t i o n w i t h i n i t . T h i s 
t a s k i s c a r r i e d out by the i n f e r e n c e engine. 
As t h e i n f e r e n c e engine p r o g r e s s e s through t h e r u l e base so 
th e subsequent a p p l i c a t i o n of r u l e s changes t h e system 
s t a t u s and t h e r e f o r e the data base. T h i s i n t u r n e n a b l e s 
new r u l e s and d i s a b l e s o t h e r s t h u s l e a d i n g i d e a l l y , t o the 
goa l s t a t e . I t i s the i n f e r e n c e engine t h a t d r i v e s the 
s e a r c h through the r u l e base u s i n g t h e h e u r i s t i c s t o 
c o n f i n e and d i r e c t the s e a r c h . Once w r i t t e n , t h e i n f e r e n c e 
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engine becomes a f a i r l y r i g i d s e t of r u l e s i n i t s own 
r i g h t , r a r e l y amended but c o n s t a n t l y used. T h i s i s i n 
c o n t r a s t t o the knowledge base i t s e l f which, i d e a l l y , 
s h ould c o n s t a n t l y be changing w i t h new r u l e s added and o l d 
r u l e s d e l e t e d . T h i s s t r u c t u r e h i g h l i g h t s t h e d i f f e r e n c e 
between expert systems and c o n v e n t i o n a l computer 
programmes. I n a c o n v e n t i o n a l computer programme the 
in f o r m a t i o n r e q u i r e d f o r s o l v i n g t h e problem i s b u i l t i n t o 
t h e o p e r a t i n g s t r u c t u r e of the program i t s e l f . T h i s makes 
m o d i f i c a t i o n t o the i n f o r m a t i o n d i f f i c u l t , a s a change of 
in f o r m a t i o n at'one p o i n t w i l l e f f e c t a change e l s e w h e r e i n 
th e program. 
I n t h e e x p e r t system however, t h e modularity of t h e system 
a l l o w s f o r easy m o d i f i c a t i o n . Common languages f o r the 
i n f e r e n c e engine a r e L I S P and PROLOG. L I S P ( L i s t 
P r o c e s s i n g Language) was t h e f i r s t t o be developed i n the 
l a t e 50's by J . McCarthy ( i n G e v a r t e r , 7 1 ) . 
The i n t e r f a c e a l l o w s a d i a l o g u e between t he program and the 
u s e r , a l l o w s f o r e x p l a n a t i o n s t o d e c i s i o n s made by the 
system and f o r i n t e r f a c i n g t o o t h e r programs such a s 
sp r e a d s h e e t s , o r data from s c i e n t i f i c i n s t r u m e n t s . F o r an 
e x p e r t system to f u n c t i o n , i t i s n e c e s s a r y t o e s t a b l i s h a l l 
of t h e s e modules. T h i s p r o c e s s i s not only time consuming 
but a l s o r e q u i r e s c o n s i d e r a b l e computing e x p e r t i s e a s w e l l 
a s t h e domain knowledge r e q u i r e d . Due t o t h e modular 
n a t u r e of ex p e r t systems however, i t i s p o s s i b l e t o remove 
t h e knowledge base w h i l s t r e t a i n i n g both t he i n f e r e n c e 
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engine and the u s e r i n t e r f a c e . 
I n doing so, what i s l e f t i s an empty s h e l l c o n t a i n i n g a 
w e l l developed i n f e r e n c e engine and u s e r i n t e r f a c e i n t o 
which can be added the knowledge base r e q u i r e d , thereby 
c r e a t i n g a new e x p e r t system. Such e x p e r t system s h e l l s 
a r e commercially a v a i l a b l e and reduce development time f o r 
an e x p e r t system by up t o an o r d e r of magnitude. 
These AI t o o l s a r e programming languages i n t h e i r own 
r i g h t . Although such t o o l s may appear t o f i t an 
a p p l i c a t i o n p e r f e c t l y , t h e i r e f f i c i e n t use r e q u i r e s 
t r a i n i n g and p r a c t i c e as i n a l l programming languages. The 
e x p e r t system s h e l l s t i l l r e q u i r e s programming although i t 
c o n t a i n s a w e l l d e f i n e d i n f e r e n c e engine and u s e r 
i n t e r f a c e , i t does not c o n t a i n any knowledge on which t o 
a c t , however the programming t h a t i s r e q u i r e d , a l l o w s the 
u s e r t o c o n c e n t r a t e on the problem a t hand. 
E x p e r t systems work w e l l i n a r e a s where i d e a s e x i s t about 
s o l u t i o n s , but have not been f u l l y s t a t e d , where t h e 
knowledge base i s f i r m l y e s t a b l i s h e d but a d d i t i o n s w i l l 
c o n t i n u e t o be made. To e i t h e r s i d e of t h i s a r e a r e a s 
which a r e i n a p p r o p r i a t e f o r e x p e r t systems, e i t h e r 
i n s u f f i c i e n t information i s a v a i l a b l e , or the problem i s 
too vague and e x p e r t s a r e not a v a i l a b l e , o r e l s e t h e 
problems a r e so w e l l d e f i n e d t h a t the t a s k c o u l d be c a r r i e d 
out more e f f e c t i v e l y w i t h c o n v e n t i o n a l computer programmes. 
E x p e r t systems have been a p p l i e d t o a wide range of a r e a s 
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i n c l u d i n g d i a g n o s t i c s , r e p a i r , monitoring, a n a l y s i s , 
i n t e r p r e t a t i o n , c o n s u l t i n g , p l a n n i n g , d e s i g n i n g , 
i n s t r u c t i n g , e x p l a i n i n g and l e a r n i n g . I n t h e f i e l d of 
a n a l y t i c a l c h e m i s t r y e x p e r t systems a r e used f o r 
i n t e r p r e t a t i o n on mass s p e c t r a l and n u c l e a r magnetic 
resonance d a t a , a s w e l l as i n x - r a y powder d e f r a c t i o n . 
O p t i m i s a t i o n r o u t i n e s f o r chromatography have been 
developed and peak deconvolution t e c h n i q u e s b u i l t on e x p e r t 
systems. 
5.2 DEVELOPMENT OF AN EXPERT SYSTEM FOR CONTROL OF AN 
ON-LINE MONITORING SYSTEM 
I t was i n i t i a l l y proposed t o b u i l d an e x p e r t system f o r 
c o n t r o l of and i n t e r p r e t a t i o n of d a t a from an o n - l i n e 
p r o c e s s monitor based on ion-chromatography. Such a system 
would c o n t r o l a l l o p e r a t i o n s o f t h e system, c o l l e c t and 
monitor da t a and g i v e a d v i c e o r warnings i f and when 
n e c e s s a r y . I t would a l s o monitor t he s t a t u s of the 
i n s t r u m e n t a t i o n and a d v i s e on maintenance when r e q u i r e d . 
I n o r der t o do so, domain knowledge on t h e chromatography 
and p r e c o n c e n t r a t i o n c o n d i t i o n s would be r e q u i r e d . I t 
would a l s o r e q u i r e knowledge o f the post-column reagent 
system. T h i s would a l l o w t h e system t o i d e n t i f y t h e peaks 
obtained from t he chromatography and i d e n t i f y any problems 
a s s o c i a t e d w i t h e i t h e r t h e s e p a r a t i o n o r d e t e c t i o n . 
Knowledge would a l s o be r e q u i r e d f o r the p r o c e s s i t s e l f , 
such a s maximum t o l e r a n c e l e v e l s f o r the m e t a l s of 
i n t e r e s t , i d e n t i f i c a t i o n o f t r e n d s , r e j e c t i o n o f ' f l i e r s ' 
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and h i s t o r y of post d a t a t r e n d s . I n a d d i t i o n t o t h i s 
knowledge base, i n f o r m a t i o n would have t o be s u p p l i e d on 
the s t a t u s of the instrximentation, such a s back p r e s s u r e s , 
v a l v e c o n f i g u r a t i o n and column temperature a s w e l l a s from 
the d a t a i t s e l f . I n view of t h e f a c t t h a t t h e 
i n s t r u m e n t a t i o n a v a i l a b l e f o r the o n - l i n e t r i a l was not 
s u i t a b l e f o r i n t e r f a c i n g t o a computer, and t h a t no 
hardware was made a v a i l a b l e f o r the e x p e r t system d u r i n g 
the o n - l i n e t r i a l , i n a d d i t i o n t o the l e n g t h of time 
r e q u i r e d t o b u i l d such a knowledge base, i t was de c i d e d 
i n s t e a d t o b u i l d a t r o u b l e - s h o o t i n g guide f o r t h e 
ion-chromatography system and p o s t column r e a g e n t system, 
t h a t i s , t o complete the f i r s t o b j e c t i v e of t h e e x p e r t 
system. I t was intended t h a t t h e u s e r guide would 
i d e n t i f y problems w i t h t h e chromatography and d e t e c t i o n 
u s i n g i n f o r m a t i o n from t h e u s e r , r a t h e r than d i r e c t l y from 
the i n s t r u m e n t a t i o n i t s e l f . The d a t a a c q u i s i t i o n and 
i n t e r p r e t a t i o n and the knowledge base f o r the p r o c e s s w i l l 
not be t a c k l e d . 
The system would be forward c h a i n i n g and menu d r i v e n . The 
u s e r i s prompted f o r a r e p l y t o g i v e n menu o p t i o n s t o move 
through t he r u l e base and i d e a l l y t o a g o a l s t a t e . Rather 
than being an e x p e r t system, i t may be more a c c u r a t e l y 
d e s c r i b e d a s a knowledge based system. 
The e x p e r t system s h e l l CRYSTAL ( I n t e r n a t i o n a l B u s i n e s s 
Machine C o r p o r a t i o n : M i c r o s o f t C o r p o r a t i o n ) was used t o 
w r i t e the knowledge base, the s h e l l i t s e l f was loaded onto 
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the hard d i s c d r i v e of an OPUS PC I I I p e r s o n a l computer. 
5.3 STRUCTURE OF THE KNOWLEDGE BASE 
The knowledge base was d i v i d e d i n t o t h r e e main a r e a s , t h e 
t r o u b l e - s h o o t i n g guide i t s e l f , g e n e r a l i n f o r m a t i o n on the 
in s t r u m e n t a t i o n and g e n e r a l i n f o r m a t i o n on the r e a g e n t s . 
From t h i s s t a r t i n g p o i n t t h e u s e r can t r a v e l through t h e 
knowledge base by r e p l y i n g t o prompts from t h e system. 
None of the prompts r e q u i r e t h e in p u t o f any t e x t , merely 
an a p p r o p r i a t e s e l e c t i o n from a l i s t of p o s s i b l e o p t i o n s . 
For example, i f t he u s e r had s e l e c t e d t h e t r o u b l e - s h o o t i n g 
guide the next prompt would ask whether t h e problem being 
encountered was r e l a t e d t o e i t h e r t h e chromatography, 
d e t e c t i o n o r i n s t r u m e n t a t i o n . The chromatography i t s e l f 
can be e f f e c t e d by the i n s t r u m e n t a t i o n o r r e a g e n t s , and so 
the whole knowledge base i s i n t e r l i n k e d . F i g u r e 5.2 shows 
the i n i t i a l s t r u c t u r e of the knowledge base. 
The system comprised t h i r t y n i ne s e p a r a t e knowledge bases. 
Each s e p a r a t e knowledge base was composed o f t e x t f i l e s 
which were d i s p l a y e d t o the u s e r , and a s t h e u s e r r e p l i e d 
t o the prompts w i t h i n the t e x t f i l e s , so he or she 
progressed through t h a t knowledge base and i n t o o t h e r 
knowledge b a s e s . I t would be i n a p p r o p r i a t e t o i n c l u d e a l l 
the t e x t f i l e s i n the e x p e r t system h e r e . I n s t e a d , t h e 
r u l e base, which runs t h e e x p e r t system by l o a d i n g t h e 
r e l e v a n t t e x t f i l e s f o l l o w i n g i n p u t s by t h e u s e r , i s g i v e n 
i n appendix 1. The r u l e base i s g i v e n i n a l p h a b e t i c a l 
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F i g u r e 5.2 I n i t i a l s t r u c t u r e of the knowledge base 
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order of the knowledge base. There i s no p a r t i c u l a r o r d e r 
t o t h e knowledge bases a s they a r e a l l i n t e r l i n k e d . 
5.4 CONCLUSIONS 
Using t h e t r o u b l e - s h o o t i n g guide i t was p o s s i b l e t o o b t a i n 
i n f o r m a t i o n on any p a r t of the i o n chromatography system, 
whether i t be on reagent o r i n s t r u m e n t a t i o n . Problems 
a s s o c i a t e d w i t h b a s e - l i n e n o i s e , b a s e - l i n e d r i f t and l a c k 
of s i g n a l were t a c k l e d and s o l u t i o n s t o t h e s e problems were 
g i v e n i n the system. Given t h e natu r e o f the knowledge 
base i t i s i m p r a c t i c a l t o d i s p l a y i t g r a p h i c a l l y i n i t s 
e n t i r e t y . F u r t h e r work i s c l e a r l y r e q u i r e d on t h e system 
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APPLICATION OF PRECONCENTRATION TECHNIQUES 
TO ATOMIC SPECTROSCOPY 
6.1 INTRODUCTION 
Since i t s introduction by Walsh (72) atomic absorption 
spectrometry (AAS) has become an extremely valuable and 
popular technique for the determination of trace amounts of 
metals. During t h i s time the method has gone through a 
number of developmental stages aimed at improving 
r e l i a b i l i t y , ease of operation, r e p r o d u c i b i l i t y and l i m i t 
of detection. To t h i s end, flame atomisation has, to some 
extent been superseded by graphite furnace atomic 
absorption spectrometry (GFAAS) and new techniques have 
emerged such as inductively coupled plasma atomic emission 
spectrometry (ICP-AES) and i n more recent years i n d u c t i v e l y 
coupled plasma-mass spectrometry (ICP-MS), the l a t t e r two 
being developments of flameless atomic emission 
spectroscopy (FAES). In general, a l l of these techniques 
have been developed for the a n a l y s i s of aqueous sol u t i o n s , 
and a l l operate well i n a low i o n i c strength medium. I n 
the presence of a large excess of a matrix ion the same i s 
not always true. Although many of the int e r f e r e n c e s 
encountered i n atomic spectroscopy may be minimised or 
removed by e i t h e r s u i t a b l e adjustment of the operating 
parameters used or sample pretreatment, the a n a l y s i s of 
concentrated media, such as brines, s t i l l remains a 
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d i f f i c u l t and time consuming process. When highly s a l i n e 
matrices are aspirated i n e i t h e r FAA or ICP, blockage of 
the nebuliser may occur. I n GFAAS, excessive b u i l d up of 
s a l t w i l l occur i n the furnace tube and i n ICP-MS, blockage 
of the sampling cone can occur with s a l i n e concentrations 
i n excess of 0.3% m/v, i f continuously nebulised. 
In addition to these physical i n t e r f e r e n c e s , there are a l s o 
many interferences experienced i n the absorption, emission, 
or mass spectra obtained. This has lead to considerable 
i n t e r e s t i n techniques to help eliminate such 
interferences. Much work has been c a r r i e d out i n the past 
using chelating exchange r e s i n s for the e x t r a c t i o n of 
t r a n s i t i o n metals and heavy metals from sea waters p r i o r to 
e i t h e r FAA or GFAAS and indeed ICP-AES/MS (4 6-50, 57, 
73-79). However, i n general, these procedures tend to be 
time consuming and require large sample volumes. I n 
recent years flow i n j e c t i o n ( F I) has repeatedly proved 
i t s e l f to be a powerful technique for overcoming these 
problems for FAAS and ICP. 
Because of the advantages of F I over d i r e c t nebulisation 
for c e r t a i n sample types, i t was a l o g i c a l step to combine 
the 'Chelex type' procedures with F I , and r e c e n t l y there 
has been wide i n t e r e s t in on-line preconcentration - flow 
i n j e c t i o n with spectroscopic detection. The advantages of 
such a coupling are numerous and include: 
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1) reduced reagent consumption; 
2) rapid a n a l y s i s ; 
3) ease of operation; 
4) improvement i n p r e c i s i o n ; 
5) reduced contamination; 
6) lowered detection l i m i t s ; 
7) a n a l y s i s of s a l i n e matrices. 
I t has been reported that i f such preconcentration 
techniques are to be e f f e c t i v e then e f f i c i e n t use of the 
spectrometer must also be made (80-81) . However, the 
emphasis i n t h i s p a r t i c u l a r a p p l i c a t i o n i s not placed on 
high sample throughput, but on the a b i l i t y to carry out 
a n a l y s i s i n s a l i n e media. 
Most applications of preconcentration flow i n j e c t i o n for 
atomic spectroscopy are concerned with the determination of 
heavy metals and f i r s t row t r a n s i t i o n metals i n sea water 
matrices and polluted waters. T h i s requires a 
preconcentration column which s e l e c t s against the a l k a l i n e 
earth metals i n favour of the f i r s t row t r a n s i t i o n metals 
(magnesiiun and calcium being the matrix ions i n sea water) 
rather than one which w i l l s e l e c t i v e l y preconcentrate the 
a l k a l i n e earths i n favour of the f i r s t row t r a n s i t i o n 
metals, sodium i n each case passing through the column 
unchanged. In l i g h t of the problems associated with the 
a n a l y s i s of trace metals i n s a l i n e media, and the few 
applications concerning the determination of the a l k a l i n e 
earths, the preconcentration/matrix e l i m i n a t i o n procedures 
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developed for ion chromatography (Chapter 3) have been 
applied to FAA, ICP-AES, and ICP-MS. Various 
preconcentration columns were used and provided a means of 
not only determining the elements of i n t e r e s t , but a l s o a 
source of comparison for those r e s u l t s obtained by ion 
chromatography. The work was not concerned with 
fundamental studies of the processes of atomisation and 
i o n i s a t i o n within the flame/plasma, nor the e f f e c t s of an 
excess of sodium ions upon these parameters. The emphasis 
was on the a p p l i c a b i l i t y of the preconcentration techniques 
already discussed, to the determination of t r a c e metals i n 
s a l i n e media by atomic spectroscopy. The following 
combinations of preconcentration columns ( l i s t e d as t h e i r 
functional groups) and spectroscopic techniques were 
studied: 




IDA Coated Column ICP-MS 
6.2 APPLICATION OF PRECONCENTRATION TECHNIQUES TO FLAME 
ATOMIC ABSORPTION SPECTROSCOPY 
The preconcentration column used i n these s t u d i e s was 
comprised of 8-hydroxyquinoline immobilised onto control 
pore g l a s s beads which were packed into a 5 cm titanium 
coliuon. 
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6.2.1 Instrumentation and Reagents 
A model 4000 flame atomic absorption spectrometer (Perkin 
Elmer, Beaconsfield, Bucks), was used throughout the study-
The operating parameters for each of the elements are 
l i s t e d i n table 6.1. The preconcentration column was 
connected across a s i x port switching valve (VALCO VICI, 
Valco Europe, CH-6214, Schenkon, Switzerland), and the 
out l e t connected to the nebuliser tube of the spectrometer. 
A dual channel p e r i s t a l t i c pump (Ninipulse Gilson, Luton 
Beds) , was used to d e l i v e r the mobile phase and brine 
samples at 2.5 ml min"^- In order to match the flow-rate 
from the column (2.5 ml min"^) to the uptake r a t e of the 
nebuliser (7 ml min"^) a d i s c r e t e sample i n t e r f a c e was used 
(figure 6.1). A n a l y t i c a l grade reagents were used 
throughout unless stated otherwise. Double d i s t i l l e d , 
deipnised water (DDW) was obtained from a M i l l i Q system 
(Millipore, Bedford, Ma, USA). 
6.2.2 Results and Discussion 
P r i o r to any studies of the metals of i n t e r e s t , i t was 
necessary to e s t a b l i s h the e f f e c t of wash volume upon the 
concentration of r e s i d u a l sodium. I f the wash volume was 
too l i t t l e then excess sodium would be eluted to the 
spectrometer, and too large a wash volume would not only 
lead to lengthy a n a l y s i s times but would a l s o contribute to 
the blank values. 
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TABLE 6.1 
Operating conditions for the atomic absorption spectrometer 


















0.5 Nitrous oxide 
- acetylene 
1.0 Nitrous oxide 
- acetylene 
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F i g u r e 6.1 D i s c r e t e s a m p l e r u s e d t o i n t e r f a c e t h e o u t l e t 
from the p r e c o n c e n t r a t i o n column to t h e 







Ten m i l i l i t r e aliguots of saturated brine were loaded onto 
the preconcentration column. The column was subsequently 
washed with d i f f e r i n g volumes of DDW. The column was then 
back-flushed with IM n i t r i c a c i d to the flame spectrometer, 
and the sodium emission monitored at 303.3 nm, with the 
burner head rotated through 45°. Figure 6.2 shows the 
r e s i d u a l sodium concentration with respect to wash volume. 
I t can be seen that following a wash volume of 7 ml the 
r e s i d u a l sodium concentration was below 0.35% m/v. I t i s 
f e l t that the large wash volume required, and the 
background concentration which was l e f t was r e l a t e d to the 
structure of the column material. The porous g l a s s beads, 
on which the SHQ was immobilised were llOfxra i n s i z e , which 
in i t s e l f led to a large dead volume i n the colvimn. This 
was i n addition to the honeycomb stru c t u r e of each bead, 
which increased the column dead volume further. This 
requires a large wash volume to remove the sodium chl o r i d e 
matrix. A l l subsequent analyses were c a r r i e d out using a 
10 ml aliquot of sample followed by a 7 ml a l i q u o t of 
d i s t i l l e d deionised water. 
The work performed by FAAS was l i m i t e d to the four metals 
l i s t e d i n table 6.1. C a l i b r a t i o n s were obtained for each 
of the metals i n turn by spiking 30% m/v sodium chl o r i d e 
samples with the appropriate concentration of analyte to 
y i e l d f i n a l concentrations i n the range 1 - 50 /ig 1"^. 
These c a l i b r a t i o n s are shown i n figures 6.3 - 6.6 for 
magnesium, calcium, strontium and aluminium r e s p e c t i v e l y . 
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F i g u r e 6.2 R e s i d u a l sodium c o n c e n t r a t i o n w i t h r e s p e c t t o 
wash volume o b t a i n e d d u r i n g t h e f l a m e a t o m i c 
a b s o r p t i o n s t u d i e s 
7 r-
0 . 0 
WASH VOLUME (ml) 
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Figure 6.3 C a l i b r a t i o n curve obtained for magnesium i n 
30% m/v sodium chloride using the 8HQ pre-
concentration column followed by FI-FAAS 
250 r 
10 20 30 40 
EL£)€HTAL COCENTRATIW (ng/tl) 
60 
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Figure 6.4 C a l i b r a t i o n curve obtained for calcium i n 30% 
m/v sodium chloride using the 8HQ pre-
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Figure 6.5 C a l i b r a t i o n curve obtained for strontium in 
30% m/v sodium chloride using the 8HQ pre--
concentration column followed by FI-FAAS 
200 r 
C o r r e l a t i o n c o e f f i c i e n t 
Slope 
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Figure 6.6 Calibration curve obtained for barium in 30% 
m/v sodium chloride using the 8HQ pre-
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Figure 6.7 shows the t r a n s i e n t s i g n a l s obtained for 
magnesium, calcium, strontium and aluminium a t the 50 M9 
1~^ l e v e l . The pH of the brine was adjusted to 10 using 
concentrated n i t r i c acid for the a l k a l i n e earths and pH 7 
using concentrated n i t r i c a c i d for aluminium, following 
r e s u l t s obtained i n section 3.6. 
From the c a l i b r a t i o n s i t can be seen that although the 
column has s u c c e s s f u l l y retained the metals, the p r e c i s i o n 
i s very poor. However, i n i t i a l r e s u l t s were promising and 
allowed the determination of the metals studied a t the low 
Mg 1~^ l e v e l by FAAS- Following t h i s b r i e f study, the work 
was transferred to in d u c t i v e l y coupled plasma-atomic 
emission spectrometry, as i t was f e l t t h i s would provide 
improved preci s i o n and s t a b i l i t y . 
6 . 3 APPLICATION OF PRECONCENTRATION TECHNIQUES TO 
INDUCTIVELY COUPLED PLASMA ATOMIC EMISSION 
SPECTROSCOPY 
There are several advantages i n coupling preconcentration 
techniques to ICP-AES as opposed to FAA, including ease of 
operation, improved p r e c i s i o n and lower detection l i m i t s . 
6.3.1 Instrumentation and Reagents 
An inductively coupled plasma atomic emission spectrometer 
(Plasma I I , Perkin Elmer Ltd., Beaconsfield, Bucks), was 
used throughout the study. Data was c o l l e c t e d d i r e c t l y 
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Figure 6.7 Transient s i g n a l s obtained for magnesium, 
calcium, strontium and aluminium i n 30% m/v 
sodium chloride using the 8HQ preconcentraticn 
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onto a p l o t t e r integrator (spectra physics Auto Lab 
Division, Ma, USA), from a s e r i a l port on the spectrometer, 
although a l l instrumental parameters were s t i l l c o n t r o l l e d 
v i a the manufacturer's software. 
A Dionex advanced chromatography module (Dionex Corp., 
Albany Park, Camberley, Surrey, U.K), was used to house two 
i n e r t switching valves (Dionex Corp.) and was c o n t r o l l e d 
v i a a Dionex auto ion c o n t r o l l e r . The preconcentration 
column (Metpac CC-1, Dionex Corp.), was connected across 
one of the Dionex switching v a l v e s . A dual channel 
p e r i s t a l t i c pump (Mini pulse Gilson, Luton, Beds.), was 
used to d e l i v e r the brine samples and mobile phase, s e t to 
2.5 ml min"^ unless otherwise stated. The o u t l e t from the 
i n j e c t i o n manifold was connected d i r e c t l y to the nebuliser 
tube of the ICP. The p e r i s t a l t i c pump on the instrument was 
also s e t to d e l i v e r at 2.5 ml min~^ to further regulate the 
flow from the preconcentration column. A l l reagents were 
of a n a l y t i c a l grade unless stated otherwise, and doubly 
d i s t i l l e d , deionised water was obtained from a m i l l i Q 
water system (Millipore, Bedford, Ma, USA). 
6.3.2 P r i n c i p l e of Peak Detection by Plasma Spectrometer 
The software of the ICP instrximent used during t h i s study 
did not allow the measurement of t r a n s i e n t s i g n a l s . The 
instrument was designed to measure i n t e n s i t y with respect 
to wavelength, whereas a measurement of i n t e n s i t y with 
respect to time was required. When a wavelength was 
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s e l e c t e d on the instrument, t h e monochromator scanned t o 
t h a t wavelength, and then stepped back by up t o 0.1 nin from 
the s e l e c t e d wavelength. Once a run sequence was 
I n i t i a l i s e d the monochromator scanned a c r o s s t h e peak 
window. The peak window was the a r e a around t he e l e m e n t a l 
l i n e used f o r curve f i t t i n g , and was s e t by t h e o p e r a t o r . 
The wider t h e peak window, t h e l o n g e r t h e s c a n took, 
however, i f t h e window i s s e t too s m a l l , then t h e peak 
maximum may be missed. 
I f the data was c o l l e c t e d i n t h i s f a s h i o n by r e p e a t e d l y 
scanning t h e monochromator a c r o s s t h e elem e n t a l e m i s s i o n 
l i n e of i n t e r e s t then i t would be h i g h l y u n l i k e l y t h a t t h e 
maximum c o n c e n t r a t i o n of the e l u t i o n band from t h e column 
would be measured, as the d e l a y time between r e p l i c a t e 
s c a n s was of the order of one second. However, i t was not 
p o s s i b l e t o c o l l e c t data without t h e monochromator 
scanning. I n a d d i t i o n t o t h i s , i f t h e monochromator was 
d i s a b l e d , due t o the s e t up procedure d e s c r i b e d above, t he 
monochromator would not have been a t the c o r r e c t wavelength 
f o r measurement. With t h e s e p o i n t s i n mind two 
m o d i f i c a t i o n s were c a r r i e d out on t h e instrument t o a l l o w 
f o r measurement of t r a n s i e n t s i g n a l s . 
F i r s t l y a program was w r i t t e n i n t h e autoexec f i l e which, 
when run, allowed the monochromator t o be stepped i n 0.005 
and 0.001 nm increments. T h i s a l l o w e d f o r the peak maximum 
to be l o c a t e d . Secondly a d e v i c e was i n s t a l l e d t o d i s a b l e 
the monochromator, but allowed t h e s o f t w a r e t o c o n t i n u e a s 
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i f the monochromator was s t i l l s c a n n i n g . 
6.3.3 Peak L o c a t i o n u s i n g t h e Autoexec F i l e 
The wavelength f o r the element of i n t e r e s t was s e l e c t e d . A 
5 /xg 1"^ s t a n d a r d of the element was then d i r e c t l y 
a s p i r a t e d i n t o t h e ICP. The s i g n a l was monitored and 
c o l l e c t e d on the p l o t t e r / i n t e g r a t o r , and t h e autoexec f i l e 
executed so t h a t the monochromator stepped a c r o s s t h e l i n e 
i n 0.005 nm increments, w i t h a d w e l l time of f i v e seconds 
a t each s t e p . The wavelength of maximum s i g n a l was then 
noted. The monochromator was then d r i v e n t o t h i s wavelength 
and the p r o c e s s repeated, s t e p p i n g t h e monochromator i n 
0.001 nm increments t o l o c a t e a c c u r a t e l y t h e wavelength o f 
maximum em i s s i o n . Once t h i s had been l o c a t e d t h e 
monochtomator was then d i s a b l e d . The peak window, which 
may be s e t by the oper a t o r ( t y p i c a l l y 0.05 nm) e f f e c t i v e l y 
determined the time taken f o r t h e s c a n . I f t h i s peak 
window i s s e t a r t i f i c i a l l y wide then t h e s c a n time became 
long enough t o measure t he t r a n s i e n t s i g n a l . I f a peak 
window of 0.1 nm was s e l e c t e d , w i t h a d w e l l time of 100 
nsec a t each s t e p , t h e t o t a l • s c a n time was over two 
minutes. 
Once t he monochromator had been d i s a b l e d , and the run 
sequence i n i t i a l i s e d , t h e sof t w a r e a l l o w e d f o r c o l l e c t i o n 
of data over t h i s time and hence i t was p o s s i b l e t o c o l l e c t 
i n t e n s i t y data w i t h r e s p e c t t o time. I n doing so i t was 
p o s s i b l e t o use the c a l i b r a t i o n and s t a n d a r d i s a t i o n 
r o u t i n e s p r e s e n t i n the software. Operating c o n d i t i o n s f o r 
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the spectrometer a r e g i v e n i n Ta b l e 6.2 
TABLE 6.2 
Operating C o n d i t i o n s f o r the Plasma and Spectrometer 
Element Wavelength Height * Pmt Pw Dwell time 
/nm (mm) (V) (nm) (msec) 
Mg 279.553 15 450 0.1 100 
Ca 393.366 15 500 0.1 100 
S r 407.771 16 350 0.1 100 
A l 396.152 12 750 0.1 100 
Na 288.144 15 600 0.1 100 
* above the lo a d c o i l 
Pmt = P h o t o m u l t i p l i e r v o l t a g e 
Pw = Peak Width 
6.3.4 R e s u l t s and D i s c u s s i o n 
The r e s i d u a l sodium c o n c e n t r a t i o n was determined by 
p r e c o n c e n t r a t i n g 5 ml a l i q u o t s of s a t u r a t e d b r i n e , and 
washing the column w i t h v a r i o u s volumes of d i s t i l l e d 
d e i o n i s e d water p r i o r t o e l u t i o n t o the TCP a t a flow r a t e 
of 2.5 ml min"^, the sodium e m i s s i o n b e i n g monitored a t 
288.144 nm. 
The r e s u l t s a r e shown i n F i g u r e 6.8. A f i v e m i l l i l i t r e 
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F i g u r e 6.8 R e s i d u a l sodium c o n c e n t r a t i o n w i t h r e s p e c t t o 
wash volume o b t a i n e d d u r i n g t h e i n d u c t i v e l y 









W A S H TIME (MIN.) 
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wash volume was s u f f i c i e n t t o reduce the sodiiun 
c o n c e n t r a t i o n t o an a c c e p t a b l e l e v e l . 
The e f f e c t of sample pH upon r e c o v e r y was determined f o r 
magnesium, c a l c i u m and s t r o n t i u m . The pH of 100 ml 
a l i q u o t s of b r i n e s p i k e d w i t h the a p p r o p r i a t e c o n c e n t r a t i o n 
of a n a l y t e t o y i e l d a f i n a l c o n c e n t r a t i o n of 50 was 
a d j u s t e d i n the range 7 - 1 2 w i t h c o n c e n t r a t e d n i t r i c a c i d . 
F i v e ml a l i q u o t s were then p r e c o n c e n t r a t e d onto t h e metpac 
cc-1 p r e c o n c e n t r a t i o n column and subsequently e l u t e d t o the 
TCP. The r e s u l t s a r e shown i n f i g u r e s 6.9 t o 6.11. The 
r e s i n behaved i n a s i m i l a r manner t o t h e c o a t e d r e s i n 
prepared i n 3.6.3.2, which was as expected due t o the 
f u n c t i o n a l groups being IDA i n both c a s e s . At t h i s time 
d u r i n g the s t u d i e s the i n d u c t i v e l y coupled plasma-mass 
spectrometer became a v a i l a b l e and the s t u d i e s were 
continued u s i n g t h i s instrument. 
6.4 A p p l i c a t i o n of P r e c o n c e n t r a t i o n Techniques t o 
I n d u c t i v e l y Coupled Plasma-Mass Spectrometry. 
The main advantage of ICP-MS over FAA and r a p i d s e q u e n t i a l 
ICP-AES i s i n i t s multielement c a p a b i l i t y . 
P r e c o n c e n t r a t i o n t e c h n i q u e s have been shown t o be of g r e a t 
p o t e n t i a l i n the a n a l y s i s of s a l i n e m a t r i c e s , however, only 
one element may be determined i n each i n j e c t i o n , when a l l 
the elements of i n t e r e s t may be p r e s e n t i n t h a t i n j e c t e d 
sample. I n d u c t i v e l y coupled plasma-mass spectrometry a l s o 
has the advantage of lower l i m i t s of d e t e c t i o n f o r many of 
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F i g u r e 6.9 R e l a t i o n s h i p between sample pH and magnesium 
response u s i n g the metpac CC-1 p r e c o n c e n t r a t i o n 






F i g u r e 6.10 R e l a t i o n s h i p between sample pH and c a l c i u m 
response u s i n g t he metpac CC-1 p r e c o n c e n t r a t i o n 













F i g u r e 6.11 R e l a t i o n s h i p between sample pH and s t r o n t i u m 
response u s i n g the metpac CC-1 p r e c o n c e n t r a t i o n 





the elements s t u d i e d . However, t h e t e c h n i q u e does s u f f e r 
from s e v e r a l d i s a d v a n t a g e s w i t h r e s p e c t t o s a l i n e m a t r i c e s . 
The t e c h n i q u e i s f a r l e s s t o l e r a n t w i t h r e s p e c t t o 
d i s s o l v e d s o l i d s r e q u i r i n g l e v e l s of l e s s t h a n 0.3% 
d i s s o l v e d s o l i d s , i f the sample cone i s t o remain 
unblocked. I n a d d i t i o n , t h e p r e s e n c e of c h l o r i n e i n 
samples c a u s e s s e v e r a l i n t e r f e r e n c e s from ' i s o b a r i c ' 
c h l o r i d e i o n s which e f f e c t t h e d e t e r m i n a t i o n of some 
important elements. 
Given t h e s e i n t e r f e r e n c e problems, and r e c o g n i s i n g t h e 
improved l i m i t s of d e t e c t i o n of t h e t e c h n i q u e compared t o 
ICP-AES, t he emphasis i n t h i s work was p l a c e d not so much 
on the a b i l i t y t o p r e c o n c e n t r a t e the a n a l y t e , but t o 
e l i m i n a t e t h e m a t r i x i n t e r f e r e n c e . 
U n t i l now, a t t e n t i o n has been focused on t h e a l k a l i n e 
e a r t h s , however, due to the f l e x i b i l i t y of t h e t e c h n i q u e , 
the f i r s t row t r a n s i t i o n metals were a l s o s t u d i e d . 
6.4.1 I n s t r u m e n t a t i o n and Reagents 
A Plasmaquad I I (VG Elemen t a l , Winford, C h e s h i r e ) , was used 
throughout t he study. T y p i c a l c o n d i t i o n s used f o r the ICP 
and t h e quadrupole mass a n a l y s e r a r e l i s t e d i n t a b l e 6.3. 
165 
TABLE 6.3 ICP-MS Operating C o n d i t i o n s 
Mass A n a l y s e r 
No. of c h a n n e l s 2048 
No. of sc a n sweeps 100 
Dwell time / MS 320 
P o i n t s per peak 5 
Skipped Mass Regions/mass u n i t s 




I s o t o p e s S e l e c t e d Mass/units 
Mg 26 
A l 27 
Ca 44 










S r 88 
I n 115 
Ba 137 
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The i n j e c t i o n manifold used i s shown s c h e m a t i c a l l y i n 
f i g u r e 6.12. I t was b a s i c a l l y the same a s t h a t d e s c r i b e d 
i n s e c t i o n 6.3.1. However, a t h i r d s w i t c h i n g v a l v e was 
added, which allowed the a d d i t i o n of an i n t e r n a l standiard 
a s d i s c u s s e d i n s e c t i o n 6.4.2. A f o u r c h a n n e l p e r i s t a l t i c 
piimp was used t o d e l i v e r b r i n e samples and e l u e n t . A l l 
reagents were of a n a l y t i c a l grade u n l e s s o t h e r w i s e s t a t e d , 
doubly d i s t i l l e d , d e i o n i s e d water was o b t a i n e d from a m i l l i 
Q water system. Two p r e c o n c e n t r a t i o n columns were used, a 
Dionex metpac cc-1 column and the x y l e n o l orange column 
prepared i n 3.6.3.2. 
6.4.2 A d d i t i o n of i n t e r n a l s t a n d a r d f o r ICP-MS s t u d i e s 
I t i s p r e f e r a b l e t o i n c l u d e an i n t e r n a l s t a n d a r d i n s t u d i e s 
i n v o l v i n g ICP-MS t o compensate not o n l y f o r e f f e c t s 
encountered i n the plasma, but a l s o i n t h e mass a n a l y s e r , 
as i o n s of d i f f e r e n t mass tend t o behave d i f f e r e n t l y . 
I n the p r e s e n t a p p l i c a t i o n then, when t h e r e i s a l a r g e 
e x c e s s of sodium, such s t a n d a r d i s a t i o n i s c r i t i c a l . Indium 
was chosen as an i n t e r n a l s t a n d a r d as i t s mass (115) l a y 
w i t h i n the range of metals t o be s t u d i e d . Indium i s a l s o 
mono i s o t o p i c and not l i k e l y t o be p r e s e n t i n t h e samples 
t o any s i g n i f i c a n t e x t e n t . I f t h e indium was added t o t h e 
b r i n e samples themselves i t may be expected t h a t i t would 
p r e f e r e n t i a l l y complex on t h e column, a t w o r s t c a u s i n g 
decreased r e c o v e r i e s of the a n a l y t e s of i n t e r e s t and 
c e r t a i n l y not l i k e l y t o behave i n a s i m i l a r manner t o those 
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F i g u r e 6.12 B l o c k d i a g r a m of t h e s w i t c h i n g v a l v e s , 
p r e c o n c e n t r a t i o n column and s a m p l e l o o p s used 
d u r i n g t h e i n d u c t i v e l y c o u p l e d plasma-mass 
s p e c t r o m e t e r s t u d i e s 







I C P - M S WASTi 
WATER DISTILLED SAMPLE 
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a n a l y t e s being determined. I f , on t h e o t h e r hand t he 
indium was added t o the e l u e n t which i n t h e p r e v i o u s 
s t u d i e s was c o n t i n u o u s l y a s p i r a t e d , then a r a t i o would be 
made between a t r a n s i e n t s i g n a l from t h e a n a l y t e and a 
c o n s t a n t s i g n a l from t h e indium* To overcome t h e s e 
problems the i n j e c t i o n manifold was mo d i f i e d and i s shown 
i n f i g u r e 6.12. I n t h i s arrangement doubly d i s t i l l e d , 
d e i o n i s e d water was c o n t i n u o u s l y pumped t o t h e n e b u l i s e r of 
the I CP v i a t h e p e r i s t a l t i c pump. A 2.5 ml loop was f i l l e d 
w i t h t h e e l u e n t (IM HNO3) s p i k e d w i t h 50 fig 1"^ indium. 
F o l l o w i n g the p r e c o n c e n t r a t i o n procedure a l r e a d y o u t l i n e d 
i n s e c t i o n 3.6.2.2, t he d i s t i l l e d d e i o n i s e d w a t e r f l u s h e s 
t h e a c i d from the loop t o the p r e c o n c e n t r a t i o n column where 
t h e r e t a i n e d metals a r e e l u t e d t o the ICP-MS. I n t h i s way, 
both t h e a n a l y t e s of i n t e r e s t and the i n t e r n a l s t a n d a r d a r e 
measured as t r a n s i e n t s i g n a l s and both e x p e r i e n c e the same 
environment w i t h i n the plasma w i t h r e s p e c t t o sodium 
c o n c e n t r a t i o n . T h i s procedure does not however, compensate 
f o r any d r i f t i n the p r e c o n c e n t r a t i o n , i t w i l l o nly 
compensate f o r e f f e c t s i n the ICP-MS in s t r u m e n t . 
6.4.3 R e s u l t s and D i s c u s s i o n 
6.4.3.1 Dionex metpac cc-1 p r e c o n c e n t r a t i o n column 
The p r e c o n c e n t r a t i o n manifold was connected t o a P e r k i n 
Elmer 4000 flame a b s o r p t i o n spectrometer, and the r e s i d u a l 
sodium c o n c e n t r a t i o n from t h e p r e c o n c e n t r a t i o n column was 
monitored, w i t h r e s p e c t t o wash volume, a t 303.3 nm, w i t h 
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the burner head r o t a t e d through 45°. F i g u r e 6.13 shows the 
r e s i d u a l sodium c o n c e n t r a t i o n w i t h r e s p e c t t o wash volume, 
and, a s i n p r e v i o u s c a s e s , a f i v e m i l l i l i t r e a l i q u o t was 
s u f f i c i e n t t o remove the sodium l e v e l t o appr o x i m a t e l y 0.3% 
m/v. C a l i b r a t i o n s f o r the m e t a l s of i n t e r e s t a r e shown i n 
f i g u r e s 6.14 - 6.24. These were o b t a i n e d by 
p r e c o n c e n t r a t i n g 1.2 ml a l i q u o t s of b r i n e s p i k e d w i t h t h e 
a p p r o p r i a t e c o n c e n t r a t i o n of metal t o y i e l d f i n a l 
c o n c e n t r a t i o n s i n the range 1 - 100 ml"^. L i m i t s of 
d e t e c t i o n f o r the elements o f i n t e r e s t were not determined 
as t h e net e f f e c t of the m a t r i x e l i m i n a t i o n procedure was 
t o d i l u t e the sample 1:1. 
I t was not p o s s i b l e to determine c a l c i u m i n any of the 
samples due t o the major i s o t o p e being a t 40 m/z which 
s u f f e r s from i s o b a r i c i n t e r f e r e n c e s from argon i n the 
plasma. The abundance o f t h e i s o t o p e s a t m/z 42 and m/z 44 
were too low f o r d e t e r m i n a t i o n o f c a l c i u m a t t h i s low 
c o n c e n t r a t i o n . The d e t e r m i n a t i o n of i r o n a t m/z 56 was not 
p o s s i b l e due t o the formation of ArO"^. However, the 
Ci35ol6+ and Cl37ol6+ i n t e r f e r e n c e s were e l i m i n a t e d thus 
a l l o w i n g t h e de t e r m i n a t i o n o f vanadium a t m/z 51 and 
chromiiim a t m/z 53. 
6.4.3.2 X y l e n o l Orange P r e c o n c e n t r a t i o n column 
The x y l e n o l orange p r e c o n c e n t r a t i o n column prepared i n 
s e c t i o n 3.6.3.2 was used a s a m a t r i x e l i m i n a t i o n column f o r 
a n a l y s i s of b r i n e samples o b t a i n e d d u r i n g t h e o n - l i n e t r i a l 
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F i g u r e 6.13 R e s i d u a l sodium c o n c e n t r a t i o n w i t h r e s p e c t t o 
wash volume o b t a i n e d d u r i n g t h e i n d u c t i v e l y 




at o P .5 2 
WASB VOLUME ml 
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F i g u r e 6.14 C a l i b r a t i o n curve obtained f o r magnesium i n 
30% sodium c h l o r i d e u s i n g the metpac CC-1 
p r e c o n c e n t r a t i o n column f o l l o w e d by 
FI-ICP-MS 
350 r 
C o r r e l a t i o n c o e f f i c i e n t = 0.9977 
Slope = 2 . 4 2 
Y I n t e r c e p t = 72.46 
50 75 
ELBCKTAL CONCENTTUTION (ng/al) 
100 I S 
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F i g u r e 6.15 C a l i b r a t i o n curve obtained f o r aluminium i n 
30% m/v sodium c h l o r i d e u s i n g t h e metpac CC-1 
p r e c o n c e n t r a t i o n column f o l l o w e d by 
FI-ICP-MS 
200 r 
25 SO 75 100 
ELBEMTAL CONCENTRATKM (ng/ll) 
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F i g u r e 6.16 C a l i b r a t i o n curve obtained f o r t i t a n i u m i n 30% 
m/v sodium c h l o r i d e u s i n g the metpac CC-1 
p r e c o n c e n t r a t i o n column followed by 
FI-ICP-MS 
80 r 
10 15 20 
ELOCNTAL COTCENTnATION (ng/ll) 
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F i g u r e 6.17 C a l i b r a t i o n curve o b t a i n e d f o r vanadium i n 30% 
m/v sodium c h l o r i d e u s i n g t he metpac CC-1 







C o r r e l a t i o n c o e f f i c i e n t = 
Slope 




25 50 75 
ELEMENTAL CONCEKTRATION (ng/ll) 
100 125 
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F i g u r e 6.18 C a l i b r a t i o n c u r v e . obtained f o r chroTnium i n 30% 
in/v sodium c h l o r i d e u s i n g the metpac CC-1 





C o r r e l a t i o n c o e f f i c i e n t 
Slope 




10 15 20 




F i g u r e 6.19 C a l i b r a t i o n curve o b t a i n e d f o r manganese i n 
30% m/v sodium c h l o r i d e u s i n g . t h e metpac CC-1 
p r e c o n c e n t r a t i o n column f o l l o w e d by 
FI-ICP-MS 
aoor 
i s o h 
iOO h 







10 15 20 
ELDCNTAL CCNCeORAnON (no/Bl) 
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F i g u r e 6.20 C a l i b r a t i o n c u r v e obtained f o r n i c k e l i n 30% 
m/v sodium c h l o r i d e u s i n g the metpac CC-1 











10 15 20 
OBeiTAL CONCOmUTION CnQ/ll) 
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F i g u r e 6.21 C a l i b r a t i o n c u r v e obtained f o r c o b a l t i n 30% 
m/v sodium c h l o r i d e u s i n g the metpac CC-1 







Correlation coefficient - 0,9971 
Slope - 5.85 
Y Intercept - -1.59 
10 15 20 
ELDerTAL CONCEKTRATIQN lng/Bl) 
25 
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F i g u r e 6.22. C a l i b r a t i o n c u r v e obtained f o r z i n c i n 30% m/v 
sodium c h l o r i d e u s i n g the metpac CC-1 










ELBCNTAL COMBORAnON fno/Bl) 
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F i g u r e 6.23 C a l i b r a t i o n c u r v e obtained f o r copper i n 30% 
m/v sodium c h l o r i d e u s i n g the metpac CC-1 
pr e c o n c e n t r a t i o n column followed by 
FI-ICP-MS 
e o r 
60K 
40h 





10 15 20 
ELOCNTAL CQNCEKnUTIQN (R0/BU 
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F i g u r e 6.24 C a l i b r a t i o n curve obtained f o r s t r o n t i u m i n 
30% m/v sodium c h l o r i d e u s i n g t h e metpac CC-1 








25 SO 75 
ELBeaAL CONCENTTUnON {ng/al) 
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( c h a p t e r 4) by ICP-MS. 
The p r e c o n c e n t r a t i o n manifold remained t h e same a s f o r t h e 
Dionex column. B r i n e samples o b t a i n e d d u r i n g t h e o n - l i n e 
t r i a l were a n a l y s e d by s t a n d a r d a d d i t i o n s u s i n g 1.2 ml 
a l i g u o t s of sample. Calcium c o u l d not be determined f o r 
the reasons mentioned i n 6.4.3.1. 
The c a l i b r a t i o n s obtained by s t a n d a r d a d d i t i o n s f o r 
magnesium, s t r o n t i u m and barium a r e shown i n f i g u r e s 6.25 
-6.27. 
Table 6.4 shows the comparison of r e s u l t s o btained by 
p r e c o n c e n t r a t i o n i o n chromatography and p r e c o n c e n t r a t i o n 


















The d i s c r e p a n c y between r e s u l t s may be due l a r g e l y t o the 
b r i n e samples being s t o r e d f o r two months p r i o r t o a n a l y s i s 
by ICP-MS. 
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F i g u r e 6.25 C a l i b r a t i o n curve obtained f o r magnesium i n 
30% m/v sodium c h l o r i d e u s i n g the x y l e n o l 
orange p r e c o n c e n t r a t i o n column followed by 
FI-ICP-MS 
200 r 
0 5 10 
ELEMEKTAL CONCEMTRATION (ng/ll) 
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F i g u r e 6.26 C a l i b r a t i o n curve o b t a i n e d f o r s t r o n t i u m i n 
30% m/v sodium c h l o r i d e u s i n g t h e x y l e n o l 





-GO - 4 0 - 2 0 0 
aB«TAL CONCSnHATION (hg/al) 
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F i g u r e 6.27 C a l i b r a t i o n curve obtained f o r barium i n 30% 
m/v sodium c h l o r i d e u s i n g t he x y l e n o l orange 
p r e c o n c e n t r a t i o n column f o l l o w e d by 
FI-ICP-MS 
50r 
-10 0 5 10 
QBeCTAL CQNCBITnATiaN Cng/il) 
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6.5 C o n c l u s i o n s 
The a p p l i c a b i l i t y of t h e s e p r e c o n c e n t r a t i o n t e c h n i q u e s t o 
atomic spectroscopy has been proved. D e t e c t i o n l i m i t s of 
l e s s than 100 ^g 1"^ f o r magnesium, c a l c i u m , s t r o n t i u m and 
aluminium were obtained by flame atomic a b s o r p t i o n u s i n g 
such t e c h n i q u e s . 
ICP-MS has g r e a t p o t e n t i a l f o r such a n a l y s i s w i t h d e t e c t i o n 
l i m i t s of 2 o r d e r s of magnitude lower, and m u l t i e l e m e n t 
c a p a b i l i t y . The Dionex p r e c o n c e n t r a t i o n column was 
s u c c e s s f u l l y used f o r the d e t e r m i n a t i o n of t h e a l k a l i n e 
e a r t h s and f i r s t row t r a n s i t i o n metals i n b r i n e samples. 
Although the study of such t e c h n i q u e s was not 
comprehensive, i t does prove the a p p l i c a b i l i t y , e s p e c i a l l y 
t o ICP-MS, f o r the removal of CIO i n t e r f e r e n c e s . 
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CHAPTER 7 
COMCLUBIOMS AKD FUTURE WORK 
7.1 CONCLUSIONS 
Chromatography of the a l k a l i n e e a r t h s (magnesium, c a l c i u m , 
s t r o n t i u m and barium) and aluminium and z i n c was a c h i e v e d 
u s i n g a mobile phase of 0.2 M l a c t i c a c i d i n c o n j u n c t i o n 
w i t h a s t r o n g c a t i o n exchange r e s i n , although t h e a d d i t i o n 
of a competing i o n, ethyle n d i a m i n e , was r e q u i r e d i n the 
c a s e of the a l k a l i n e e a r t h s t o e f f e c t t h e s e p a r a t i o n i n a 
r e a l i s t i c time. A u n i v e r s a l d e t e c t i o n system was developed 
based on i n v e r s e photometry u s i n g t h e c h e l a t i n g dye 
ca l m a g i t e w i t h the a d d i t i o n of a magnesium e t h y l e n e diamine 
t e t r a - a c e t i c a c i d s o l u t i o n . T h i s a l l o w e d d e t e c t i o n of a l l 
the metals s t u d i e d u s i n g one f i x e d wavelength. Coated 
column te c h n i q u e s were s u c c e s s f u l l y employed f o r the 
p r e c o n c e n t r a t i o n of the m e t a l s from s a t u r a t e d b r i n e s , 
w h i l s t l e a v i n g the b r i n e m a t r i x t o pas s through t h e column 
unchanged. The c h e l a t i n g dye x y l e n o l orange was found t o 
be t h e most s u i t a b l e c h e l a t i n g agent f o r t h e s e s t u d i e s . 
Commercially a v a i l a b l e r e s i n s such a s Chelex 100 were found 
t o be u n s u i t a b l e f o r t h i s a p p l i c a t i o n due t o t h e s w e l l i n g 
of t h e r e s i n between t he high and low i o n i c s t r e n g t h media 
employed. The s t a b i l i t y of t h e r e a g e n t s used and the 
methodology was proved d u r i n g an o n - l i n e t r i a l d u r i n g which 
the system ran unattended, sampling c o n t i n u o u s l y from a 
s a t u r a t e d b r i n e feed tank. During t h e a n a l y s i s , one 
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hundred and e i g h t y d e t e r m i n a t i o n s of each of t h e f o u r 
m e t a l s were c a r r i e d out a t t h e low ng ml~^ l e v e l . 
S i g n i f i c a n t l y Barium was determined a t the 20 ng ml~^ 
l e v e l . P r i o r t o the o n - l i n e t r i a l barium had not been 
d e t e c t e d i n the s a t u r a t e d b r i n e s u s i n g e x i s t i n g 
methodology. The presence of barium i n the feed b r i n e s was 
known however from p r e v i o u s s t u d i e s on the membrane c e l l s 
t hemselves. 
The a p p l i c a b i l i t y of the p r e c o n c e n t r a t i o n t e c h n i q u e s 
developed t o atomic spectroscopy was shown e s p e c i a l l y when 
coupled t o ICP-MS. The Dionex metpac cc-1 c h e l a t i n g 
exchange column was used t o r e t a i n t i t a n i u m , vanadium, 
chromium, manganese, c o b a l t , n i c k e l , copper, z i n c and 
aluminium from s a t u r a t e d b r i n e s p r i o r t o d e t e r m i n a t i o n by 
ICP-MS. The methodology employed removed sodium l e v e l s t o 
below 0.3% m/v and c o m p l e t e l y removed CIO i n t e r f e r e n c e 
a l l o w i n g a n a l y s i s of sea water samples without t h e need f o r 
d i l u t i o n . F i n a l l y a knowledge based u s e r guide was b u i l t 
i n t h e e x p e r t system s h e l l CRYSTAL. 
7.2 FUTURE WORK 
Although the i n i t i a l aims of t h e study were met i n t h a t 
o n - l i n e d e t e r m i n a t i o n of t r a c e m e t a l s i n s a t u r a t e d b r i n e 
was achieved, r a t h e r than being completed, t h e work has 
r e a l l y j u s t begun- I n o r d e r t o s i m p l i f y t he 
ion-chromatography system developed i t may be p o s s i b l e t o 
p r e c o n c e n t r a t e the t r a c e m e t a l s of i n t e r e s t , and s e p a r a t e 
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them u s i n g one colvunn* S i n c e each metal s t u d i e d was shown 
t o have d i f f e r e n t pH optima f o r r e t e n t i o n on t h e 
p r e c o n c e n t r a t i o n column i t may be p o s s i b l e w i t h s u i t a b l e 
c h o i c e of c h e l a t i n g agent t o s e l e c t i v e l y e l u t e t h e m e t a l s 
u s i n g a pH g r a d i e n t , each metal being e l u t e d a s the pH 
f a l l s below the optimum f o r t h a t m e t a l . F u r t h e r 
development i s e v i d e n t l y needed i n the i n s t r u m e n t a t i o n t o 
improve the r e l i a b i l i t y of t h e pumps and s w i t c h i n g v a l v e s 
f o r use as a p r o c e s s a n a l y s e r . 
F u r t h e r development i s r e q u i r e d on the e x p e r t system. T h i s 
would i n c l u d e sending d a t a from the chromatogram, such as 
peak a r e a s and r e t e n t i o n times, d i r e c t l y t o a s p r e a d s h e e t . 
T h i s i n f o r m a t i o n c o u l d then be i n t e r r o g a t e d by t h e e x p e r t 
system. R e t e n t i o n times would not only i d e n t i f y t h e peaks, 
but a l s o provide i n f o r m a t i o n on t h e chromatography i t s e l f , 
on t h e . c o n d i t i o n of the column and/or the r e a g e n t s used. 
I n f o r m a t i o n gained from peak, a r e a s would then e n a b l e t r e n d s 
i n t h e c o n c e n t r a t i o n of t h e elements t o be p l o t t e d and, 
w i t h a s u i t a b l e knowledge base on t h e p r o c e s s i t s e l f , t h e 
system would be a b l e t o m a i n t a i n e f f i c i e n t u s e of the 
ion-exchange clean-up columns. I d e n t i f i c a t i o n of ' f l i e r s ' 
would a l s o be p o s s i b l e . 
Only a b r i e f study was c a r r i e d out on t h e use of 
p r e c o n c e n t r a t i o n / m a t r i x e l i m i n a t i o n t e c h n i q u e s f o r ICP-MS, 
although c l e a r l y t he number of a p p l i c a t i o n s f o r such 
t e c h n i q u e s a r e l i m i t l e s s . Not only does t h e r o u t i n e 
a n a l y s i s of s e a waters, waste w a t e r s become p o s s i b l e , but 
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a l s o a v a r i e t y of e f f l u e n t and p r o c e s s stream. C l e a r l y 
t h e r e i s a wide range of a p p l i c a t i o n s f o r such t e c h n i q u e s . 
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^ppen^ix 1 
Rule structure to the knowledge base. 




































and :menu ChromS 
and :test Chrom$="l" 
and :inenu Speak 
and :test load("choice") 
:test ChromS="2" 
and :menu Tpeak 
and :test load("choice") 
:test Chrom$="3" 
and :menu Fpeak 
and :test load("choice") 
:test Chrom$="4" 
and :test load("Rtlong") 
:test Chrom$-"5" 
and :test load("Rtshort") 
:test Chrori$="6" 
and :test load("Pres") 
:test ChroinS-"7" 
and rtest load("two") 
:test ChroinS-"8" 
and :display form. 
imenu coluinn$ 
1. 
and :test load("chrom") 
(Coluxnn2) 



































































DirtyS="press restum to continue" 
load("Punit") 
(Dpower) 
I f :menu Dpower$ 
and :display form 
and :assign Samcal$:-"1" 
and ;menu Samcal$ 
and :te6t Samcal$-"1" 
and :te&t load{"Sigcal") 
or :test Samcal$-"2" 
and :test load("Sigsam") 
Or :test Samcal$«"3" 
and :display form. 
«2)ET) 
I f :menu detector 
and :test load("MM") 
(Ginstru) 
I f :assign Ginstru$:-"1" 
and :menu Ginstru$ 
and rtest Ginstru$="l" 
and :test load(Gpunp) 
or :test Ginstru$="2" 
and :test load(Valve) 
Or :test Ginstru$-"3" 
and :test load(Column2) 
Or :test Ginstru$-"4" 
and :test load(Gdet) 
or :test Ginstru$-"5" 
and :display form 
(Gpump) 
I f :menu puii)p$ 
and rtest load("MM") 
( I n s t r u ) 



























and :display form. 
(Loose) 




loose$-"press return to continue" 
load("Punit") 
(MM) 
















and :display form 
(Mobile?) 






Composition$="press return to continue." 
pH$ 
pH$="press return to continue." 
load("Choice") 
(Negative) 













































































































































;te s t 
: t e s t 
Power$ 





































































































:t e s t 
and :t e s t 
: t e s t 
and :t e s t 
Syinptoin$»"F" 






and :t e s t 







I f rmenu 




I f rassign 
and :inenu 
and :test 





















I f :menu 
and :t e s t 
and :test 
Sam$ 
sam$B"press return to continue." 
load("Choice") 
(Sauries) 
I f :menu 
and r t e s t 
and :t e s t 
sam$ 
"Press return t o continue" 
load("Choice") 
(Sigcal) 
I f :assign Sigcal$:-"1' 
and :menu Sigcal$ 
and :t e s t Sigcal$-"1" 
and :display form 
and :display form 
and :t e s t load("Choice") 
Or :te s t Sigcal$-"2" 
and idis p l a y f o m . 
and :te6t load("Choice") 
Or :test Sigcal$-"3" 
and :display form. 
(Sigsam) 
I f :a&sign Sigsam$:»"l" 
and :menu Sigsain$ 
and :t e s t Sigsam$«"l" 
and :display form, 
and :display form, 
and :test load("Choice") 
Or r t e s t Sigsam$»"2" 
and :display form, 
and :test load("Choice") 
Or t t e s t Sigsam$="3" 
and :display from, 
and :test load("Choice") 
Or :test Sigsam$="4" 
and :display form. 
{STO) 
I f :menu STD$ 
and :test STD$o"press return t o continue" 
and r t e s t load("Choice") 
(Tshoot) 
I f tassign T$:«"l" 
.and tmenu T$ 
and :te s t T$-"l" 
and :test load{"Chrom") 
Or r t e s t T$-"2" 
and r t e s t load("Det") 
Or r t e s t TS-"3" 
and r t e s t l o a d ( " l n s t r u " ) 
Or r t e s t T$-"4" 








and :t e s t 
and :t e s t 
: t e s t 
and :t e s t 
:test 
and :t e s t 
: t e s t 
















I f :menu 
and :menu 









WornS="press retu r n t o continue" 
load("Punit") 
